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INTKODUCTOKY NOTICE. 



The little Volume here presented to the public is 
the reprint in a separate form of an article on the 
Telescope written for the Encyclopaedia Britannica, 
under the express condition of extreme brevity. 
It would not have been difficult for the Author, 
had the pressure of other avocations allowed him, 
to have extended it into a more complete treatise — 
but this has not been the case, and the wishes of 
the Editors of this work being, that it should 
appear, as nearly as might be, simultaneously 
with two other articles from the same source, it is 
here given with but little additional matter, which 
is distinctly indicated by a different mode of desig- 
nating the numerical citation of the sections in 
their order of. occurrence. 

Collixgwood, July 17, 1861. 
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THE TELESCOPE. 



(1.) The Telescope, as its name imports, is an 
instrument for rendering distant objects more 
clearly visible, which it does by enlarging their 
apparent angular dimensions, and by introducing 
into the eye a quantity of the light emanating from 
them, superior to that which it naturally receives 
from them. 

(2.) The early history of this admirable inven- 
tion is given in detail in the article on Optics, in 
another part of the work of which the present 
volume originally formed a part* The limits 
there allowed us would not permit us to reca- 
pitulate it, and we have no comment to make 

* Encyclopaedia Britannica, eighth edition, volume xvi. The 
article alluded to is from the able pen of Sir David Brewster. 
The reference throughout is to the same article. 
B 
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on its exactness. We shall only remark that it 
seems scarcely possible to read the passages in 
the works of Soger Bacon, Dee, and Thomas 
Digges, which bear npon this subject, without 
feeling satisfied that there must have existed 
some real, practical, experimental ground for their 
distinct and reiterated assertion of the increased 
visibility and magnified appearance of distant 
objects, produced by some combination, of what- 
ever nature, of reflecting or refracting surfaces, 
prior to the not improbably alleged indepen- 
dent invention of the refracting telescope in 
Holland. 

(3.) When a convex lens or concave mirror is 
placed before a luminous object (by which we 
understand any object, whether luminous per se 9 or 
illuminated by exterior light), a picture or image 
of it is formed at a certain distance behind or before 
the refracting or reflecting surface, determined by 
the distance of the object from it ; whose magnitude 
is greater or less, according as it is formed farther 
from or nearer to the surface. This picture is dis- 
tinct only at one particular distance from the sur- 
face, which is called the focal distance; and the 
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place where it is formed, the focus. At every other 
distance it is hazy and confused. It may be 
received on a screen of white paper, and viewed on 
the same side on which it is formed, byajj eye 
anyhow placed within sight of the paper; and 
either by one or by any number of persons at 
once; and examined more closely, if needed, by a 
magnifier. Or it may be formed on a screen of 
roughened glass, and viewed, in a similar manner, 
from the hinder side of the screen. In either case, 
however, we have here, not a telescope, but a 
camera obscwra. Or the image may be fixed pho- 
tographically, and thus, becoming a real object, 
may be preserved, and subsequently scrutinized at 
leisure with a microscope. In both methods of 
procedure it may be very possible to perceive 
details and minutiae in the picture, which the 
unaided eye was not competent to discern in the 
real object. In the telescope, however, no picture 
is actually produced elsewhere than on the retina 
of the eye itself; which is so placed as to receive 
the rays uninterrupted by any screen : the office 
of the telescope being only to prepare them for 
forming on the retina a picture larger and clearer 
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than would be formed without its help. [An 
imaginary picture, or what in optics is called an 
image, is, or may be conceived to be, formed in 
the air, but it is not visible as a thing to an eye 
situated out of the direction of the rays which go 
to form it] 

(4.) How this preparation is effected the reader 
will find described at length in that part of the 
article on Optics already referred to, which treats 
of reflexions and refractions on spherical and other 
surfaces; of the formation of images; and 6f the 
conditions of their visibility, either by the naked 
eye, or through convex or concave lenses. To that 
article, also, we shall refer as our authority for most 
of the data we shall require in the treatment of this 
special branch of the general subject — the indices 
of refraction and dispersion of the various kinds of 
glass or other media used in the construction of 
telescopes; the reflective powers of different 
metallic substances ; and a variety of other 
matters which it would lead us too far from our 
special object to explain ab initio. To the article, 
also, on the Achromatic Telescope, we may refer 
for the history of that instrument, and for a 
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general appergu q{ the principles of its construc- 
tion, which may be read as a preparation for what 
we shall have to say upon it 

(5.) We see distinctly any point of an object 
when the rays which it sends to every part of the 
surface of the eye are sensibly parallel; or, at 
least, form so small an angle with each other as to 
be uniteable on one point of the retina, by the 
adjusting power of the eye. Assuming, then, that 
the normal eye does this without fatigue in the 
case of parallel rays, the first condition which a 
telescope must fulfil is — that it shall dispose all 
the rays emanating from any single indivisible 
point in the object, so as to emerge from the 
instrument parallel to each other, in the usual or 
medium situation of the mechanism ; the next, 
that the mechanism itself shall be adjustable, so 
as, by a small movement of its parts inter se, to 
convert this parallelism into a slight divergence or 
convergence, to suit the eyes of near or long 
sighted persons. In the former case, the telescope 
is said to be in focus, or adjusted for parallel rays; 
in the latter, to have its focus adjusted for near or 
long sight 
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(6.) The next condition on which the use of a 
telescope in viewing objects depends, is, that the 
several pencils of parallel rays which it sends into 
the eye from different points of the object, should 
be inclined to each other at angles, differing in 
some certain ratio from those actually subtended 
at the eye, by the respective intervals between the 
points themselves. If the former be greater than 
the latter, the object will appear magnified when 
seen through the telescope; if less, diminished. 
The number expressing this ratio is the measure 
of the magnifying power of the telescope. The 
apparent linear dimensions of an object seen with 
a telescope being in proportion to its magnifying 
power (n) 9 the apparent enlargement of its super- 
ficial area will be as the square (n 2 ) of the magni- 
fying power (and that of the apparent solid 
dimensions as the cube n 3 , it being of course 
understood that when n is a fraction less than 1, 
the term magnifying must be replaced, in common 
parlance by diminishing). Thus, a magnifying 
power of 100 gives an apparent enlargement of 
surface to 10,000, and of bulk to 1,000,000 times 
that seen or judged of by the naked eye. In 
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speaking of magnifying power, the apparent linear 
enlargement is always understood 

Of Kefracting Telescopes; and, First, of the 
Simple Kefracting Telescope. 

(7.) The simplest construction of a telescope 
is that in which the image, formed in the focus 
of a convex lens or object-glass, is viewed by an 
eye placed behind it (or in the direction' of the 
rays after passing through it), by the intervention 
of a second lens or eye-glass, so placed as to have 
the image in the place of its focus for parallel rays 
incident in the contrary direction, and its axis 
coincident with that of the other. For, in such a 
combination, the rays converging to the focus of 
the object-lens will, after passing through the eye- 
lens, emerge parallel, and therefore in a condition 
for distinct normal vision. This parallelism will 
be slightly deranged, and converted into a slight 
divergence or convergence, by shifting the place of 
the eye-lens somewhat to or fro along the common 
axis of the two lenses; which is accordingly the 
means by which an adjustment to near or long 
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sight is effected, the eye-lens being fitted into a 
sliding tube for that purpose. And this mode of 
adjustment is common to every form of telescope. 
(8.) The Galilean telescope. — In applying this 
principle, two cases arise, so practically dissimilar 
as to afford telescopes of very different characters. 
The one is that originally made by Galileo and 
the Dutch artists, and thence called the Galilean 
or Dutch telescope; and which, from its property 
of showing objects erect, or in their natural posi- 
tion, was for a long time the only one in use, 
until superseded, at the suggestion of Kepler, for 
astronomical purposes, by the other, or "astro- 
nomical telescope," in which they appear inverted. 
In the Galilean construction, the eye-lens is con- 
cave, and is placed at a distance from the object* 
glass, equal to the difference of their focal lengths, 
as in fig. 1, in which oeq is the common axis, and 
Q the common focus of the object-glass Q, and the 
eye-glass E. WeTe the rays proceeding from the 
several points of a distant object, pqr f after 
being respectively converged by o to their several 
foci, p, q, e, received on a screen at Q, they would 
depict on it an inverted image pqr; but, being 
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intercepted by E, they are refracted, as in the 
figure, the several pencils converging to form P, Q, 
B, respectively, being converted into pencils sever- 




Pig. 1. 

ally parallel to ep, eq, er, which being received 
by an eye behind E, large enough to take them all 
in, will be collected on corresponding points of its 
retina. And it is evident that the image of the 
lower extremity (p) of the object, being seen by rays 
entering the eye in the direction ep, will appear 
as if situated in the direction pes, which, prolonged 
out into space, falls below the axis QEO, in which 
direction q, the middle point of the object, is seen ; 
and vice vend for the upper part, r. The object, then, 
will appear through the telescope in the same posi- 
tion as without it, or erect But 2dly, it will 
appear magnified. For the rays by which its 
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extreme points, p 9 r, are seen, being parallel respec- 
tively to ep and eb, include the angle peb, which 
is greater than POK or^or, or that subtended at o 
by the object itself in the ratio (when the angles 
are very small, as they always are in telescopes) 
of the focal lengths (oq and eq) of the object and 
the eye-glass. Eepresenting then by (f and f) 
these respective focal lengths, the magnifying 

F 

power of the telescope will be expressed by — . 

(9.) The practical defect of this construction is 
the smallness of the "field of view" of the telescope, 
or the small angular extent of the visual area 
which can be brought at once under inspection. 
For it is evident that let the object be of whatso- 
ever extent* the portion (p r) of it which can be 
seen at once is determined by the extent of the 
image (pr) which can be seen, and which, itself 
is determined by joining the corresponding extre- 
mities (bc, ad) of the apertures of the object- 
glass and eye-glass, the course of the extreme rays 
after refraction being (cm and dn) parallel to ep 
and eb, and therefore divergent. To receive them, 
therefore, the eye must be brought close up to the 
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eye-glass, CD, and its pupil must cover the full 
area of that glass, which is therefore limited in area 
— or at least its effective portion is so limited — by 
the natural size of the pupil, or about a quarter of 
an inch. And if the eye be withdrawn, ever so 
little, from the lens, the field is diminished, some 
portion of the divergent cone (cn, dn) escaping and 
falling outside of the pupiL 

(10.) To calculate the field of view in a tele- 
scope of this construction, call A and a the aper- 
tures of the object-glass and of the pupil of the 
eye, to which CD is supposed equal (the eye-lens 
in telescopes of this construction being, however, 
always made so large as to allow a wide margin all 
round the opening of the pupil [so that by moving 
the eye laterally, more of the object can be suc- 
cessively brought into view]) ; and F, /, being the 
focal lengths of o and E, it will be readily seen, by 
considering the construction of the figure, that we 
shall have for the measure of the visual angle por 

PR\ 

(or its tangent — J which will be expressed by 

ap— a/ . a ■ 

which is necessarily less than -or than 

F(F-/) f-/ 
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the angle which the pupil of the eye subtends at 
the object-glass. 

(11.) The simple astronomical refracting telescope. 
In the astronomical telescope the eye-glass is con- 
vex, and is placed at a distance from the object- 
glass, equal to the sum of their focal lengths, as in 




Fig. 2. 

fig. 2, which represents the .course of the rays 
entering the eye, after forming an image (pqk) on 
the distant object (pqr), in the air between them. 
The rays from p being converged by the object- 
glass o to p, a point distant from the eye-glass by 
its focal length, will, after refraction, emerge 
parallel to PE, joining p and E the centre of the 
latter, and forming a pencil, of which dv is the 
extreme lowermost ray, and fit for distinct vision 
to an eye placed at v, or at any point nearer to 
the lens, so as to receive the whole of the cone, 
cvd ; as at mn, which represents the aperture of 
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the pupil, whose distance from e, when the aper- 
ture (a) of the eye-glass is larger than that of the 

pupil, is expressed by m _ - ) x (f +/) a, 

a, P, and / representing the same things as in the 

former construction. The field of view, then, in 

this telescope, is determined, not by the aperture 

of the pupil, but by the magnitude of the image 

(pr) intercepted between the lines ab, cd, whose 

angular measure, as seen from o, is given by the 

PR aF-A/ 

expression — = * Moreover, since the 

oq f(f+/) 

image of a point p 9 above the axis is seen in the 

direction dv or EPS, which prolonged into space, 

falls below it> objects seen with a telescope of this 

construction appear inverted, and magnified in the 

ratio of the angle rep: rop giving the same ex- 

f 
pression - for the magnifying power as in the 

j 
Galilean construction. With the same magnifying 

power, then, the astronomical telescope is longer 

than the Galilean by twice the focal length of the 

eye-glass. 

(12.) From the explanations above given, it 
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will be evident that* in either construction, the 
object and eye glasses are similarly related to the 
image which occupies their common focus, and are 
therefore convertible, so that the telescope may be 
used to view objects, either end foremost — the 
only difference being that, when so inverted, it 
diminishes, instead of magnifying objects; and 
instead of bringing them apparently nearer, seems 
to throw them to a greater distance — the distance 
in either case being judged of by the apparent 
magnitude. This property is not without its use 
in certain optical experiments where it is desirable 
to obtain a sunbeam of less angular divergence 
than the apparent diameter of the sun itself. 

(13.) The earlier Galilean telescopes magnified 
but little, the utmost power obtained by Galileo 
himself "with great trouble and expense," not 
exceeding 33 times. The difficulty of finding and 
keeping an object in view with a very small field 
of vision opposed a great obstacle to progress in 
this direction, which was much less felt in the 
other construction. This, accordingly, very gene- 
rally and early superseded the Galilean construc- 
tion, which is now retained only for opera-glasses, 



THE CARTESIAN TELESCOPE. 15 

and for that other little pocket telescope, formed of 
a single piece of glass, of a conical form, having a 
polished convex spherical surface in front, and a 
concave one next the eye; and roughened and 
blackened over the rest of its surface (to destroy 



i 




Fig. 3. 

extraneous light), as in fig. 3; which realizes the 
notion of Descartes (Dioptrica, p. 105) of the mode 
of action of a telescope, regarded as a prolongation 
and enlargement of the eye itself, by the substitu- 
tion of an artificial cornea for the natural one, 
more remote from the retina, so as to form there a 
larger image. 

(14.) The advantage, as regards the field of 
view, which the astronomical form of construction 
possesses over the Galilean, was found to be partly 
neutralized in practice by an inconvenience of 
another kind. For it was found that, length for 
length, and magnifying power for magnifying 
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power, a much higher degree of distinctness was 
obtained with the latter than with the former 
telescope. This has been attributed, erroneously, 
to the crossing of rays in the focus of the astrono- 
mical telescope (as if they could jostle), or to the 
comparative thinness of a concave eye-glass. It 
arises, however, in fact, from a very different cause 
— the partial correction both of the spherical and 
chromatic aberrations of the object-glass by the 
concave form of the eye-glass (Optics, Pt. iiL, §§ 1 
and 3), whereas a convex eye-lens exaggerates 
both defects. The only palliative this evil ad- 
mitted, before the invention of the achromatic 
telescope, consisted in obtaining the required mag- 
nifying power, by giving great focal length to the 
object-glass, and so enlarging the actual size of the 
image to be viewed, while at the same time 
diminishing the angular deviation from a recti- 
lineal course of the extreme rays transmitted 
through the edges of the lens: since the size of 
the image corresponding to a given angular 
diameter of the object is in the direct proportion 
of the focal length, while the flexure of the rays 
which converge to form any point of it is in the 
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same proportion inversely. In the case of an 
object-lens of crown-gla&s, the angle over which 
the coloured rays are dispersed is about ]-50th of 
that flexure. Hence it follows (as a mere inspec- 
tion of the annexed figure will shew, fig. 4) that 




Fig. 4. 



supposing the red rays from any point of the 
object collected into a single point (r), the violet 
will be dispersed over a circle whose radius (rv) 
is l-50th that of the object-glass, A B, wtthovt 
regard to s its focal length, and therefore will bear 
a less ratio to the linear diameter of the image, 
the greater the image itselt £&, the longer the 
focus ; and in like manner, the difference of focal 
length for central and marginal rays due to 
spherical aberration, being a given fraction of the 
thickness of the object-lens (Optics, Pt iii, § 1), 
is not only diminished by making the lens less 
convex with the same aperture, but its effect in 
c 
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spreading the rays over a circular space at the 
focus is further diminished by diminishing the 
angle of convergence. Now, both the one and the 
other of these conditions are consequences of 
lengthening the focus. 

(15.) The long focused or aerial refractors of 
Huygens. — Accordingly, as the demand for in- 
creased magnifying power on the part of astro- 
nomers grew more urgent, we find the lengths of 
the telescopes in use rapidly increasing from 20 or 
30 inches to 6, 12, 20, and even 50, 100, or 200 
feet. The observations of Huygens on Saturn 
were made with telescopes of 12 and 24 feet, con- 
structed by himself; those of Cassini with 17, 86, 
100 feet glasses, made by Campani of Bologna, 
who, with Eustachio Divini, at Home, were the 
first to distinguish themselves as artists in this 
line. A telescope constructed by Huygens, of 123 
feet focus, was used by Pound to furnish the 
diameters of Jupiter and Saturn, and the elonga- 
tions of their satellites calculated on by Newton 
in his Principia; and Eieves and Cox, the most 
celebrated makers in England in those days, pro- 
duced telescopes of 50, 60, and 100 feet focus. 
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M. Auzout, in Paris, is stated to have executed 
one of 600 feet focal length, which, however, 
proved unmanageable. These long telescopes 
were of necessity constructed without a tube, 
and were directed to the object by means of a 
contrivance invented by Huygens, who placed the 
object-glass in a short tube or cell, mounted on a 
ball and socket, on a stage, raised or lowered 
along a tall vertical pole. The axis of the lens 
was directed to coincidence with that of the eye- 
piece (fixed on a stand below) by a long string 
held in the observer's hand. This whole apparatus 
constituted the arrangement known as the " aerial 
telescope." Three of Huygens' long-focused object- 
glasses are still in possession of the Eoyal Society. 
(16.) The property, however, which gives the 
chief superiority to the Astronomical over the 
Galilean telescope, and renders it an instrument 
of precision, is the facility it affords for placing 
in the focus of the object-glass, in the very place 
where the image is formed in the air between the 
lenses, a fiducial thread or wire, or net-work of such 
threads, or of fine lines engraven on glass, &c; 
which being at the same time in the focus of 
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the eye-glass, are seen through it at the same time 
and with the same distinctness as the image itself, 
and as if they formed part and parcel of it This 
capital improvement in the use of the Astronomical 
telescope was made and practically applied by 
Gascoigne in 1640, and affords, not only the means 
of directing the axis of the object-glass, or the 
"line of collimation" of the telescope (as it is 
technically called), to a precise point of any object, 
or to a star in the heavens, but also of measuring 
exactly the angular interval between two such 
precise points — as, for instance, between two stars 
very near together, or between the two opposite 
borders of a planet's disc, &c. &c. This is done 
by clipping the interval in question between two 
parallel threads in the focus ; one of which is 
fixed, the other movable by a fine screw, whose 
revolutions and parts of a revolution are counted 
on a graduated circle ; the direction of the threads 
being placed perpendicular to the line of the in- 
terval to be measured. Such an instrument is 
called a Micrometer, or a "Parallel wire micro- 
meter," to distinguish it from other contrivances 
for the same purpose, which are numerous. 



THE ACHROMATIC TELESCOPE. 21 

(17.) Martiris graphical perspective. — If a glass 
or a piece of thin mica, covered with a network 
of finely-engraved squares, be fixed in a tube half- 
way between two convex lenses of equal power, 
and in their common focus, a sort of telescope of 
no magnifying power is the result, which, as it may 
be made very short and small, is convenient as a 
pocket micrometer for estimating the angular mag- 
nitude of distant objects, and thus judging of their 
distance, as well as for sketching their outlines in 
true proportion ; for which reason it has been 
called by Martin, its inventor, a " Graphical per- 
spective/' 

Of the Achromatic Telescope. 

(18.) The great inconvenience of the aerial tele- 
scope, and the manifest impossibility of making 
much further progress by mere increase of dimen- 
sion, made it a matter of vital importance to find 
some mode of shortening the telescope, by throw- 
ing the magnifying power on the eye-glass to the 
relief of the object glass, which could only be done 
by improving the perfection of the image formed 
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by the latter. The causes of the indistinctness of 
the image were well understood to be — 1st, The 
spherical aberration of the lens, or the non-conver- 
gence of rays transmitted centrally and marginally 
through it to the same exact point of intersection 
with the axis (see Optics, Pt. in.) This might be 
removed, either by figuring the anterior surface of 
the object-lens to an elliptic, or the posterior to a 
hyperbolic form; the other surface being, in the 
former case, a concave spherical, in the other, 
a plane onfe. Proposals for mechanisms to com- 
municate these forms were not wanting, but it 
does not appear that any very successful attempts 
were made in this direction. But to destroy the 
other source of imperfection, the dispersion of the 
differently coloured rays, whose effect (as will 
easily be understood from what is said in art. 14) 
is much greater (600 times greater, according to 
Newton) in producing confusion of the image, was 
not to be so accomplished. It required a further 
step in physical optics ; the discovery of the diffe- 
rent dispersive powers of different media — a step 
long retarded by the dictum of Newton (grounded 
on a too hasty induction from imperfect experi- 
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ments), that no such difference existed. This dic- 
tum, however, having been called in question on 
h priori grounds by Euler, that eminent mathema- 
tician at once perceived and announced the abstract 
possibility of operating a correction of the colour 
by combining lenses of different dispersions — an 
idea which received its practical application at the 
hands of Hall and Dollond, and resulted, in those 
of the latter and of succeeding artists (Tulley, 
Fraunhofer, Cauchoix, Merz, &c), in the wonderful 
achromatic telescopes of modern times. 

(19.) Analytical theory of the achromatic Tele- 
scope. — The principle of the achromatic telescope 
cannot be more clearly explained, in a practical 
manner, than is done in the article on that sub- 
ject already referred to. In a form adapted to 
analytical calculation, it may be briefly put as fol- 
lows — Let A', A," X'", &c, represent the focal lengths, 
and L', l", L", &c, their reciprocals (or the optical 
powers) of a series of thin lenses placed in contact ; 
the signs being + for convex and - for concave 
lenses, or those which singly act as such, whether 
both their surfaces be of like curvature or not 
Then will l'+ l" + 1/"+, &c, be the joint power of 
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combination, and, putting this = L, the focal 

length of the combination will be given by taking 

1 
*■ = -' which will be positive (or the compound 

lens will act as a convex one, and form an image), 
if i/+]/+, &c, be so — i.e., if the powers of the con- 
vex lenses predominate over those of the concave. 
Now, that the compound lens shall be achromatic, 
it is necessary that its focal length \ and therefore 
l the reciprocal of that length, shall be the same 
for rays of all ref Tangibilities ; or, in other words, 
shall not vary when t*' p\ &c, the indices of refrac- 
tion of the several lenses, change from their values 
corresponding to red rays into those corresponding 
to other colours of the spectrum. Suppose, now, 
that a*' a*", &c, represent the refractive indices of 
the several lenses for the less refrangible of any 
two coloured rays which it is proposed to unite in 
one focus, and A*'+ V, AV, &c, the same re- 
spective indices for the more refrangible, and (dp/ 9 
dp", &c, being very small in proportion to t* a*'", &c, 
so as to allow their squares and higher powers to 
be neglected) suppose till, fa", &c, to be the small 
variations of L , l", &c, separately and indepen- 
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dently. produced by the change from one ray to the 
other. Then will the condition of achromaticity 
in the compound lens be expressed by the equation, 

dh = o, or 3l'+ &,*+, &c. = o. 

Suppose, now, we denote by c', c", &c, the 
effective convexities of the respective lenses, or the 

values of for each; in which r and % denote 

r S 

the radii of the anterior and posterior surfaces, 

regarding as positive the radii of anterior convexities 

and posterior concavities, and vice versd. Then, by 

Optics, we have 1/ = (^'-1) c'; l" = QS-1) c", &c. ; 

and c', c", &c, being invariable, 

3l' = c'.3^', &lT = c".df*" 9 &c; 

and eliminating c', c", &c, 

dp' lu!' 

^ = L'.^; ^L'.^cp&c.; 

or putting, for brevity, W, d*?, &c, for the values 

bfif 
of p'—i' &c, or, as they are termed, the respective 

dispersive powers of the media of which the lenses 
consist (ix. t supposing d = log. (^'-1), &c.) we have 
31/ = i/to/, 8L" = ifhf, &c, and therefore 
to, = L'3^4- l"3*"+ &c. = 0. 
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(20.) If there be only two lenses, this equation 

1/ &r" 
becomes l' bv' + l^/ = o, or — = — ¥ - > , the negative 

if o* 

sign of which expresses that to unite two differently 
refrangible rays, the two lenses must have contrary 
characters, and their powers must be inversely pro- 
portional (or, which comes to the same, their focal 
lengths X and X' directly proportional) to the dis- 
persions of the media of which they consist And 
if X the focal length, or L the power of the compound 
lens, be given, the equation 

l = i/+i/, 
combined with the foregoing, will give the focal 
lengths and powers of both lenses. 

(21.) In this case the problem is a determinate 
one. Take, for instance, crown and flint glass for 
the convex and concave lenses, the dispersion bit 
of the former being = 0-033, and of the latter 
one = 0*050 (Table, p. 582, Optics*), and we find 
l"= — £ i/; which shews that a flint concave lens 
of a power = — 2, will achromatize a crown convex 

* This refers to a very extensive table of dispersive powers 
given by Sir D. Brewster in the article on Optics already cited. 
— Encyclopaedia Britannica. 
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one of power + 3, leaving the difference of powers 
(1) outstanding ; in other words, a convex with a 
focal length 33, acting against a concave, focus 50, 
will produce a compound achromatic lens, focus 100. 
(22.) Triple and multiple object-glasses. — If 
there be more than two lenses, the problem is 
indeterminate, there being only two conditions, 
l = l'+ l"+ &c, and l' bv + i/ I* + &c. = 0, and 
more than two quantities, i/, if 9 &c, to be deter- 
mined; so that we may obtain another and 
similar condition by uniting in the same focus, 
not two, but three rays of three different refrangi- 
bilities. Denoting then by fa', 3r", &c, the dis- 
persive powers as estimated from the separation of 
two of the rays (a from b), and by &p\ £p", &c, those 
of other two (b from c), we shall have simulta- 
neously, to satisfy the three equations, 

l = i/+l"+&c., 

= l/3* / + L"a*' / + &C., 
= L'3/+L"3p" + &C., 

which becomes a determinate problem when three 
lenses are concerned, and so on. 

(23.) For a double object-glass, it is not desiiv 
able to unite the very extreme red and violet rays 
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of the spectrum. For the dispersions of crown 
and flint glasses not following the same law or 
scale of progression in passing through all the 
colours from red to violet, the rigorous union of 
these extreme rays, which are very feebly lumi- 
nous, would leave the intermediate green, which is 
a very luminous and effective ray, still uncor- 
rected. It would be found far preferable, there- 
fore, in practice, to unite two intermediate and 
powerfully luminous rays, such as the red and 
indigo rays, corresponding (Optics, Pt. iv., § 5, p. 
590) to those marked in Fraunhofer's chart of the 
spectrum, as c and G. These give, for such glasses 
as occur in practice, 3w = 0*027525, and hif = 
0-047663, whence if = -0-5772 l'. 

(24.) Dr. Blair's fluid object-glasses. — The only 
very successful attempts to unite more than two 
coloured rays in the same focus, are those admirable 
ones of Dr. Blair, who enclosed liquid media 
between lenses of flint and crown glass. [That 
excellent observer and experimentalist ascertained, 
by many and careful trials of different liquid 
media, that whereas in the spectra formed by 
water, crown glass, and most other media of low 



BLAIR'S FLUID OBJECT-GLASSES. 29 

dispersive power, the most luminous green rays 
occupy nearly a mean position between the extreme 
red and violet rays intense enough to be optically 
available; in those formed by certain essential 
oils, and by many metallic solutions (chiefly those 
of mercury and antimony), the same green light 
falls considerably nearer to the red end of the 
spectrum, or is, proporiionally y less refracted than 
the mean ; while, on the other hand, in the spec- 
trum formed by strong muriatic acid, the contrary 
is the case. When, therefore, the dispersion of a 
prism (or lens) of crown glass is achromatized as 
much as possible by one of such an essential oil, 
or of such a metallic solution, so as to bring the 
violet ray to exact coincidence with the red, the 
green remains in some material degree uncorrected, 
being too little refracted by the achromatic prism 
or lens, to bring it into such coincidence. On the 
other hand, when the achromatising prism or lens 
is formed of muriatic acid, without any metallic 
matter in solution, the green ray is over-refracted 
and thrown on the opposite side of the red ray. 
He ascertained, moreover, that among the essential, 
mineral, and other oils, a considerable difference 
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exists in the proportional tendency of the green ray 
to deviate from the mean refrangibility of the gene- 
ral spectrum, so much so as to render the solution of 
the problem of a triple achromatic lens in § 22 
practically available ; an availability which turns 

on the fact that the values of -j-n j-y, and ^-m all 

differ materially from each other. The arrange- 
ment by which he was enabled to accomplish this 
is represented in fig. 5, in which the convex 
lens A is formed of an a 

essential oil having a 
comparatively low dis- 




persive power, the inter- 
mediate lens B, of a con- 
cavo-convex character, of a different oil of a 
much higher dispersive power, and the double 
concave lens, c, of crown glass, the oils being 
enclosed between glass capsules of equable thick- 
ness, surrounded by glass rings. With such a com- 
bination he was unable to detect any trace of 
uncorrected colour.] 

(24 a.) [With a triple combination, in which the 
media used are crown glass, solution of antimony 
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or mercury, and pure muriatic acid, the conditions 
of triple achromaticity are equally well fulfilled; 
but Dr. Blair, finding some difficulty in annihilating 
the spherical aberration under the state of the data 
such a combination would imply, was led to take a 
view of the question resulting in a very great and 
important simplification. As the metallic solutions 
he used (chloride of antimony and corrosive subli- 
mate) contained already a considerable amount of 
muriatic acid, the action which these metals exert 
on the green rays must be not only contrary to that 
which this acid in its pure state exerts, but so ener- 
getic as to counteract and overcome that action. Dr. 
Blair, therefore (evidently assuming that the disper- 
sive action on the spectrum of a chemical agent is 
inherent in it as such), fell upon the happy idea of 
diluting the metallic solutions with an additional 
quantity of pure muriatic acid, or with solutions of 
some of its salts, such as sal-ammoniac, to such an 
extent as to balance or neutralize the obnoxious 
tendency of the green rays towards the red end of 
the spectrum. He was thus enabled to form a 
compound liquid medium which, while more 
refractive and more dispersive than crown glass, 
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had yet the same scale of dispersive power on the 
coloured rays of the spectrum throughout, or at 
least so nearly, that on constructing an object glass, 
as represented in fig. 6, in which the two exterior 
lenses are of crown 
glass, and the liquid 
inclosed between them 

Fig. 6. 

forms a double concave 

lens, not the slightest trace of uncorrected colour 
could be detected. He was thus enabled to con- 
struct an object glass of 3 inches in aperture, and 
only 9 inches in focal length, free from spherical 
and chromatic aberration — at least under magnify- 
ing powers such as in his time (1791) would be 
thought considerable — a feat which may well excite 
the emulation of the best artists of the present 
day. Dr. Blair's memoir on this subject is printed 
in the Transactions of the R S. of Edinburgh 
among the papers of that year).] 

(25.) Destruction of spherical aberration. The 
great practical difficulty in the way of shortening 
the refracting telescope being removed by the 
correction of the coloured aberration, it remained 
only to deal with that far less obnoxious, but still 
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troublesome, cause of indistinctness which arises 
from spherical aberrations. What proportion this 
bears to the former, in an extreme case, may be 
understood from a computation of their relative 
values by Newton, in the case of an object-lens of 
4 inches in diameter and 100 feet focal length, 
which results in a ratio of only 1 to 8151, and there- 
fore for the same aperture, and 10 feet focus, 1 to 
81*51, the diameter of the least circle of aberration 
being as the square of the focal length inversely. 
The spherical aberration, however, is completely 
removable from a compound object-glass, consisting 
of two or more lenses, by a proper adjustment of 
the curvatures of their several surfaces, and that 
without compromising the achromaticity of the 
combination. As a problem in analytical optics, 
this has exercised the ingenuity of many mathe- 
maticians. Among the works which treat of this 
branch of the subject, the reader may consult Euler, 
Dioptrica, Petersburg, 1769 ; Clairaut, Mem. de 
FA cad. Sri., 1757; D'Alembert, Opusc, vol. iii.; 
Lagrange, Miscel. Taurin., III. ii, 152; and Mem. 
Acad. 9 BerL, 1778; also Schmidt's Lehrbueh der 
Analytischen Oplih> and SantiwSs Teorica degli 

D 
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Stromenti Ottid; or lie will find in Phil. Tran. R. 
Soc, 1821, a memoir on the subject by the author 
of this volume where the approximate formulae 
which appear best adapted to practical computa- 
tion are deduced; and to which the practice of 
the best opticians at present is generally under- 
stood pretty closely to conform. They are too 
complex, and the process of their derivation far 
too long for insertion here ; but as a general con- 
clusion, within the limits of refractive and disper- 
sive power most commonly met with in crown and 
flint glasses, they indicate a form of object-glass 
like that represented in fig. 5, a, b, c, where the 




Fig. 7. 

anterior or crown lens is double-convex, the second 
surface being much more curved than the first; 
and the posterior, concavo-convex; the concavity 
being turned towards the light, and of much 
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deeper curvature than the convexity. The two 
interior surfaces, through the whole practical 
range of the data, approach very nearly indeed to 
exact coincidence, and under certain conditions 
exactly fit each other, so as to admit of being 
cemented together, 

(25 a.) [It is shewn in the memoir last cited, 
that, as a general result* with ordinary materials, 
a double object-glass will be nearly free from 
spherical aberration, provided that the radius of 
the exterior surface of the crown lens be 672, 
and that of the flint 1420, the focal length of the 
combination being 1000, and the radii of the 
interior surfaces being computed from these condi- 
tions and from the dispersive powers of the lenses, 
so as to render the combination an achromatic 
one, which the formulae of §§ 19, 20 suffice to 
accomplish. The rule thus stated is given only 
as approximative, and applicable in cases when 
the glasses do not depart widely from their 
average dispersive powers, but when object-glasses 
of great aperture have to be constructed, the 
formulae must be resorted to, or a table such as 
that subjoined consulted, which exhibits a numeri- 



36 THE TELESCOPE. 

cal summary of their results within the limits of 
refractive and dispersive power most likely to 
occur in practice, and which is readily applicable 
to the computation of the radii in any case which 
may occur within those limits. (See Edinburgh 
Philosophical Journal, vi p. 367.)] 
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(26.) The formulae in question are limited by 
the conditions, 1st, That the apertures of the lenses 
of the object glass are small in proportion to their 
focal lengths; 2d, That their thicknesses are in- 
considerable ; and, 3d, That they are placed close 
together. When these conditions cease to hold 
good, as in the case of very large achromatics, such 
as modern art is becoming familiar with, they still 
afford an available first approximation to the pro- 
per curvatures ; and there is no real difficulty of a 
mathematical nature, though there is much of 
tedious and laborious calculation, in following out 
by trigonometrical computation the course of the 
rays in any assigned case ; and in determining, to 
any required precision the proper forms of spherical 
surfaces which shall unite the central and marginal, 
or these and intermediate rays, in one point, for 
any two refrangibilities. [Sir J. Lubbock has taken 
up the problem (under the only restriction that 
the apertures are small compared to the focal 
lengths) in a paper remarkable for the elegance of 
its analysis in the London and Edinb. Phil. Mag. 
3d ser., vol. vii, Sep. 1835. And] for a general and 
perfectly rigorous process the reader is referred to 
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an excellent memoir by the late M. Littrow, in vol. 
iiL, Mem. Astron. Soc. Lond. 

(27.) The mathematical difficulties presented 
by the construction of a perfect achromatic object- 
glass may be regarded then as completely overcome. 
The only practical ones consist, first, in a sufficiently 
delicate workmanship ; and, secondly, in obtaining 
discs of perfectly pure and limpid glass, free from 
veins, of any required size, and differing sufficiently 
in dispersive power. To a very considerable 
extent, modern art has overcome this difficulty. 
When Dollond first commenced the manufacture 
of achromatics, discs of flint-glass of more than two 
or three inches in diameter, free from veins, were 
hardly procurable. Up to the year 1820, specimens 
of five or six inches were of the utmost rarity; 
and even so late as 1839, Mr. Simms reported a 
disc of 7f- inches (and that perfect only over 6) 
to be, up to that time, unique in the history of 
English glass-making. A Swiss artist, M. Guinand 
of Brenets, near Neuchatel, however, devoting him- 
self to the object, succeeded, in the early part of 
the present century, in manufacturing discs, of 
large dimensions, with considerable certainty. He 
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is stated (Biblioth. Universelle, Feb. and Mar. 1824) 
to have been engaged, on the strength of this suc- 
cess, by Messrs. Fraunhofer and Utzschneider to 
conduct the manufacture of the glass used in their 
celebrated establishment at Benedictbaiiern, in 
Bavaria, where he worked for nine years, from 1 805 
to 1814. From that period, achromatics of 6, 7, 8, 
and 9 inches in aperture, of exquisite quality, began 
to emanate from that establishment: to be followed, 
after the decease of Fraunhofer, by still larger, and, 
if possible, more perfectly executed instruments of 
the same kind, from their successors, Merz and 
Mahler of Munich, as well as from M. Cauchoix 
of Paris, and still more recently from several other 
distinguished artists. 

(28.) The ultimate perfection of the achromatic 
telescope would be attained could other species of 
glass be manufactured having either a much lower 
dispersive power than crown or plate glass, or a 
widely different scale of action on the rays of inter- 
mediate refrangibility from those of the last-named 
glasses. In the former case, by forming the convex 
lens* of the less dispersive medium, we should 
greatly diminish the total amount of colour to be 
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contended with, in consequence of being enabled 
to use crown glass for the concave lens, and so to 
Tender the secondary spectrum of little or no 
importance. This is far from hopeless. The fluoric 
compounds are well known to hold a remarkably 
low place in the dispersive scale. The dispersive 
index, both of cryolite and fluate of lime, is 0*022, 
or only two-thirds of that of plate-glass (0*033), 
and therefore holding nearly the same place relative 
to this glass that the latter does to flint. It is 
probable, moreover, from the very low dispersion 
of sulphate of strontia, as compared with that of 
sulphate of lime, that the fluoride of strontium 
would be found to possess a dispersion inferior to 
that of any yet known substance. Now it does 
not seem too much to hope, in the present advanced 
state of the chemical arts [especially as the 
fluorides are for the most part very fusible], 
that glasses into which one or both of these ele- 
ments enter largely should one day be manufac- 
tured. M. Jamin, by replacing the oxide of lead 
by that of zinc in flint glass has succeeded in 
forming a zinc-flint glass of the most exquisite 
limpidity, of low refractive and dispersive power, 
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and capable of being wrought into discs of any 
size. 

(29.) In the other direction, Jhe salts of lead 
are no less remarkable for their high dispersion. 
The borate of this metallic oxide was indicated by 
the author of this article so long ago as 1820 (on 
account of its definite chemical composition, its 
easy fusibility, and the tendency of the boracic 
compounds to form glasses), as eminently fit for 
optical uses. A specimen produced in Sir James 
South's laboratory in that year, had a refractive 
index of 1 -880, and a dispersion considerably ex- 
ceeding that of flint-glass. Subsequently (1829), 
in the hands of Prof. Faraday, in union with sili- 
cate of lead, it has been made the basis of a 
"heavy glass " of extraordinary refractive and 
dispersive power (1-8735 and 0*0703), perfectly 
adapted for the use of the optician. On the whole, 
then, we are justified in regarding the manufactory 
of new species of glass as a field still open, and 
holding out every prospect for the future. 

(30.) The following list comprises some of the 
most considerable achromatic telescopes which 
have been constructed up to the present time : — 
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DIALYTIO TELESCOPES. 45 

(31.) Dialytic Telescopes. Mr. Rogers? s construc- 
tion. — Attempts, however, have not been wanting to 
evade the difficulty of constructing large object- 
glasses, arising from the small sizes readily obtain- 
able of good flint-discs, by effecting the correction 
of the coloured dispersion of a single crown object- 
lens, by a smaller concave lens, or combination of 
lenses, of high dispersive power, placed at a dis- 
tance in the narrower part of the converging cone 
of rays. This is the principle of Mr. Kogers's con- 
struction, folly described in Mem. Astr. Soc, voL iiL, 
p. 229 (1828) ; and since (1839) reduced to prac- 
tice under the name of the Dialytic Telescope, by 
M. Plossl of Vienna, a very artificial and beautiful 
invention, highly deserving further trial* The 
construction is as follows : — a b is the large crown 
lens, which, acting alone, would unite the red rays 

* Meyer (Grosse Conversations-Lexicon, art. "Fernrohr") 
in describing this invention, suppresses all mention of Mr. Rogers, 
and ascribes it wholly to M.M. Littrow and Plossl, with what 
justice may best be inferred from M. Littrow's own memoirs in 
the Trans. Astron. Soc. Nor does he once mention Mr. Barlow 
in reference to the fluid correcting lens of art. 32 which he de- 
scribes ! It is not in France only that English invention is 
ignored. [This reclamation in favour of Mr. Rogers is a duty of 
piety. To his instructions I owe my earliest acquaintance with 
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in F and the violet in /. They are intercepted, 
however, at G, by a smaller compound lens, con- 
sisting of a convex crown lens {ah) and a concave 
flint {a'V) of equal and opposite powers for red rays, 
so that the red ray shall pass through both unde- 




B \L~- " Fig. 8. 

viated, and continue its course to f; but the flint 
lens {a'V) being more dispersive, will more than 
counteract the crown {ah) for violet rays. On 
these, then, the combination will act as a concave 
lens, and throw the violet focus / farther from o, 
and that the more, the greater the power of either 
of these two lenses separately. By properly ad- 
justing their powers, then, the violet focus may be 
brought to exact coincidence with the red. Thus, 
a correction of colour is operated, while leaving 
the radii of the four surfaces of the small lenses, 

the modern analysis ; and through me Mr. Rogers's memoir was 
communicated to the Astronomical Society. His saltern accnmu- 
lem donis, et fungar inani munere. — J. F. W. H. June 1861.] 
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as well as those of the large one, free to satisfy 
the other essential condition, the destruction of 
spherical aberration in the triple combination; 
inasmuch as the power of a lens depends on the 
difference of the curvatures of its surfaces, and not 
on the absolute curvature of either. Thus, both 
the corrections are completely under command, 
and radii may be calculated to suit any given 
state of the data. But what gives this construc- 
tion a capital advantage is, that, in point of 
practice, no calculation is necessary beyond the 
very simple one which suffices to determine the 
powers of the lenses. For these once ascertained, 
and the lenses placed close together in situ, if it 
be found, on trial, that the colour is not com- 
pletely destroyed, we have only to bring the 
double lens nearer to the object-glass, if the violet 
focus be longer than the red; or withdraw it 
farther, if shorter, to bring about an exact union. 
And as regards the correction of the spherical 
aberration: by constructing the two lenses so that, 
when placed close together, their compound spheri- 
cal aberration shall somewhat over-compensate the 
convex aberration of the object lens, which is 
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easily accomplished, the excess may be destroyed, 
and the compensation rendered exact, by merely 
separating the two lenses from each other by a 
very small interval. Both these adjustments are 
of the readiest practical attainment. The two 
glasses are mounted in a common cell, allowing 
of being separated from contact by a fine screw 
motion; and the cell itself is made movable along 
the axis by a sliding motion, tube within tube. 
Mr. Eogers gives the following formula for finding 
the powers of the correcting lenses (1/ and if = — 
i/), or their focal lengths (X' and — X' =>."), 

W A* W-W a * 

where f and f are respectively the focal length, 
and the power of the object-glass arid a, a, the 
apertures of the object-glass and of the compound 
smaller lens, a formula whose correctness is 
evident on a mere inspection of the figure. • 

(32.) Mr. Barhvfs constrniction. — Another con- 
struction, bearing considerable analogy to this, 
has been proposed and practised with much 
success by the late Mr. P. Barlow. It consisted 
in placing in the narrowing; cone of rays from a 
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plate-glass object-lens, a concave lens consisting 
of two plate-glass capsules, of* equal thickness 
throughout, enclosing between them a very highly- 
dispersive fluid, — that selected being the bi-sul- 
phuret of carbon, whose refractive index is 1*678, 
and dispersive power 0*115, or more than double 
that of flint-glass. The fluid lens is made con- 
cavo-convex, and the curves are calculated to 
destroy the spherical aberration, the power of the 
lens being so adjusted as to destroy, as nearly as 
by calculation it can be done, the chromatic. 
When this is the case, it has been shewn by Mr. 
Airy, in Camb. Phil. Tr., vol. ii., p. 238, and by the 
author of this article (Encyc. Metropol. art. Light, 
sec. 479), that an exact achromaticity can be pro- 
duced by varying the distance between the two 
lenses. The principle was tested by Mr. Barlow, 
by the actual construction of a telescope, of 8 
inches aperture, and 12 feet focal length (the 
shortening might be carried farther), the cost 
being borne by the Board of Longitude. The trial 
proved highly satisfactory, and thus, to use his 
own expression, "less than an ounce of sulphuret 
of carbon, value three shillings," was made to per- 

E 
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form the office of a very cosily flint disc of eight 
inches. Mr. Barlow's account of his invention, 
and of the construction and performance of his 
telescope, will be found in the Transactions of the 
Boyal Society, for 1828, 1829, and 1831. 

(33.) Wolfs construction. — In a work by Wolfius, 
about the early part of the last century, we find it 
suggested, to interpose between the object-glass of 
the common astronomical telescope and its focus, 
a concave lens, as a means of increasing the magni- 
fying power, without a proportional corresponding 
increase of the length of the telescope. The mode 
in which it effects this will be evident on inspec- 
tion of the figure 9, where A is the object-glass, Q 




its focus, B the interposed lens, q the focus after 
refraction through b; pqe the image formed by a 
alone at Q, and pqr the enlarged image virtually 
formed at q. If ap and ae be joined and produced, 
they will mark out on pr the portion, pV, which 
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would be the magnitude of the image formed 
by A were its focal length kq instead of AQ. 
Practically speaking, this construction is objection- 
able in its simple form, as proposed by Wol£ on 
the ground of colour produced by the refraction 
through B, which, supposing the object-glass achro- 
matic, would destroy the achromaticity of the 
image. Nothing, however, prevents a negative or 
concave lens from being rendered achromatic, as 
well as a positive or convex one. In the equation 
of art. (20) L = i/+l", L may be negative as well as 
positive. We have only to make the stronger lens 
of the combination (the crown) concave, and the 
weaker convex, and the result will be a negative 
achromatic lens, which, interposed on Wolfs prin- 
ciple, will be free from the objection. Such is the 
modification embodied in the " Barlow lens," which 
forms the subject of two papers by Messrs. Dollond 
and Barlow (in Phil. Trans., 1834), and which has 
been found by Mr. Dawes (Ast. Soc. Notices, vol. x. 
175) to work with excellent effect when applied to 
a good achromatic object-glass. It is evident that, 
by giving the interposed concave a motion to and 
fro along the axis, the magnifying power may be 



52 THE TELESCOPE. 

varied within very extensive limits, so that it 
becomes a sort of variable eye-piece, though, as 
Mr. Barlow justly remarks, the interposed lens is 
rather to be considered as part and parcel of the 
object-glass, and may be used with any description 
of eye-piece. And this leads us now to speak of 
this latter adjunct to the telescope. 

Of Eye-pieces. 

(34.) Rheita's eye-piece. — The telescope, gene- 
rally considered, consists of two parts — an object- 
glass, to form the image ; an eye-glass to view and 
magnify it. We have seen what may be done 
towards producing a perfect object-glass; in other 
words, a perfect image. But we have hitherto 
said nothing of any improvement at the other end 
of the instrument. The " eye-piece * is, however, 
no less an essential feature of the telescope, and 
its perfection no less important than that of the 
object-glass or speculum. The first, or nearly the 
first, step in its improvement, consisted in obviating 
one of the chief annoyances in the use of the 
achromatic telescope, when directed to day objects, 
viz., its inverted representation of them. It is 
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obvious that, if optical means can invert an object, 
a repetition of the same means can re-invert the 
picture, antf. so rectify the representation. This, 
accordingly, was the first application of a compound 
eye~piece 9 due to Kheita, and called by his name. 
He applied behind the convex lens constituting the 
original simple eye-glass, a second short telescope, 
consisting of two convex lenses, their distance 
being the sum of their focal lengths. This is the 
simplest form of the u day eye-piece," or " common 
terrestrial telescope." 

(35.) The Huygenian eye-piece. — The next im- 
provement was of a more thoughtful and elaborate 
kind. It is known as the Huygenian eye-piece, 
from its inventor, Huygens, one of those enlightened 
men of the Archimedean, Galilean, and Newtonian 
school, who make science walk hand in hand with 
common sense, and, of the two, work out the 
directive power of all human progress. It consists 
of two convex lenses, as in fig. 10, the anterior or 
" field-glass," having its focal length to that of the 
posterior or "eye-glass," as 3 to 1, the distance 
between them being twice the focal length of the 
latter, and the combination being so placed as to 
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form the visible image half-way between the two. 
This combination possesses several capital advan- 
tages. 1st, it is achromatic, in the sense in which 
an eyepiece is said to be so, viz., that a colourless 
image, or real white object, seen through it, does 
not appear bordered with coloured fringes, which 
is the case when a single lens is used, or Eheita's 
eye-piece. This is a consequence, not, as in the 
achromatic object-glass, of all the central coloured 
rays being collected in one focus, which, in the 
case of an eye-piece, is a condition comparatively 
of little moment, but of its possessing the same 
magnifying power for rays of all colours, on an 
object of sensible angular diameter, so as not to 
form overlapping coloured pictures of it on the 
retina. This condition it is, which, translated into 
algebraic language, furnishes the " equation of achro- 
maticity p of an eye-piece. An expression for the 
magnifying power of a telescope provided with -a 
certain eye-piece, is formed in general terms, 
involving the focal lengths of its lenses, their dis- 
tances from each other, and their refractive 
indices ; and this being made to vary by the varia- 
tion of the last-mentioned elements only, the 
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variation is equated to zero. The algebraic work- 
ing, even for a two-glass eye-piece, is a little 
complex, and for a more compounded one, very 
much so. The reader will find it very well given 
in Dr. Lloyd's Treatise on Light and Vision, and in 
an elaborate paper by Professor Iittrow, in the 
fourth volume of the Trans. R. Astron. Soc, p. 599, 
from the former of which we extract the following 
proposition, viz., that an eye-glass of two lenses of 
the same medium is achromatic when the interval 
between the lenses is an arithmetical mean between 
their focal length, a condition which the Huygenian 




construction evidently satisfies. The rationale of 
this, in the case of that eye-piece, will be obvious, 
independently of algebraic analysis, by inspection 
of the course of the rays in fig. 10, where AC, bd, are 
the lenses, pq the image which would be formed 
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by the object glass alone, pq that really formed by 
the action of the field-glass. The object-glass 
being supposed achromatic, a ray, as oo, of white 
light going to form the image of a point, Q, will be 
refracted by the field-glass at c towards the corres- 
ponding point, q, of the new image, but not as a 
single white ray. It will be separated into 
coloured rays, following different courses. The red 
ray (cr) being less refracted, will fall on a point 
(r) of the eye-glass more remote from its centre (b) 
than the violet ray (cv), and (the prismaticity of 
the lens increasing from the centre outwards) will 
be more bent aside by the second transmission, in 
proportion, than the violet* and thus a compensa- 
tion is effected, and the two rays finally emerge 
parallel, their exact parallelism being secured by 
the proportion of their focal lengths. 

(36). The Huygenian eye-piece possesses, also, 
other important advantages. The total deflection 
of the light, to produce the magnifying power, is, 
in this construction, equally divided between the 
two glasses, a condition the most favourable for 
diminishing that distortion which is always per- 
ceived in looking obliquely through a lens ; and 
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finally, the field of view is greatly enlarged, in 
proportion to the size of the eye-lens, being such 
as would require to produce the same magnifying 
power, a single lens, of the much greater semi- 
diameter, bd, found by drawing q6 parallel to #b, 
and erecting bd. 

(37.) The inconvenience of this eye-piece (which 
has occasioned its being improperly termed a 
negative eye-piece) is, that the image being formed 
between the lenses of which it consists, undergoes 
a certain amount of distortion by the field-glass ; 
owing to which equal linear portions of it do not 
correspond precisely to equal angular measures of 
the distant object Equal parts, then, of a micro- 
meter, applied at the place of the image, so as to 
be seen at the same time through the eye-lens, will 
not correspond to precisely equal angular intervals. 

(38). To give the greatest distinctness to the 
Huygenian eye-piece, Mr. Airy recommends that 
the first lens should be a meniscus, having the 
radii of its surfaces as 11:4, and its convexity 
towards the object-glass ; and the second, a 
" crossed lens" (radii as 1:6), with the more 
convex side towards the first; and that a "field- 



58 



THE TELESOOPK 



bar," or pierced diaphragm, should be placed in the 
focus of the eye-lens. (Airy on the "Spherical 
Aberration of Eye-pieces/' Camb. Phil. Trans., vol. 
iii., i. p. 61.) [To this and to a previous memoir 
by the same author, in the preceding volume of 
that collection, we may refer the reader for a com- 
plete and searching investigation of the whole 
theory of compound eye-pieces (a subject of very 
great intricacy, on account of its excessive symbolic 
complication), which Mr. Airy, we believe, has the 
merit of having been the first to put into a distinct 
and general form, and to lay down the true prin- 
ciples of their construction and achromaticity. 
His analysis is far too complex to admit of even 
an abbreviated abstract in these pages.] 

(39.) Ramsden's positive eyepiece. — The common 




astronomical (or positive) eye-piece, described by 
Eamsden (Phil. Trans., 1783), consists of two 
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plano-convex lenses of equal lengths, having their 
convexities turned towards each other, and sepa- 
rated by two-thirds of the focal length of either, as 
in fig. 11. This combination is placed behind the 
image PQ> formed by the object-glass, at a distance, 
ap, equal to one-fourth of the focal length of A. 
The first, or field-glass, therefore, forms an enlarged 
image, pq, at a distance one-third of that focal 
length, which places it in the focus of the eye- 
glass. This eye-piece is not properly achromatic, 
but its spherical aberration is much less than in 
any of the other constructions, and it has the ad- 
vantage of giving what is called 2lJUjU field of view, 
requiring no change of focus to see the centre 
and borders of the field with equal distinctness. 

(40.) Dolloritfsfour^lass eye-piece. — Lastly, if for 
the third or eye-lens of the Sheita eye-piece, as 
described in art 34, we substitute a Huygenian 
eye-piece, we shall have the four-glass eye-piece, 
devised by Dollond, for his admirable day-telescopes 
or perspective glasses; and finally rested in by him, 
and by many succeeding opticians, as combining, 
with a proper adjustment of the distances and foci 
of the two anterior lenses, the greatest number and 
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amount of advantages, viz., an erect representation, 
achromaticity, a large field of view, and a high 
degree of distinctness in all parts of it. If this 
eye-piece be divided into two, by separating the 
first pair of lenses from the last, and mounting the 
latter in a tube, sliding within that which carries 
the former, while at the same time the whole com- 
bination is adjustable, bodily, by a sliding move- 
ment along the axis of the telescope, we have the 
late Mr. G. Dollond's * Pancratic" eye-piece, whose 
magnifying power may be varied within conside- 
rably extensive limits. For astronomical purposes, 
however, the Huygenian eye-piece, for low magni- 
fying powers, or, in some cases, a combination of 
two equi- convex lenses placed close together 
(which, by dividing the refraction, materially 
diminishes the distortion at the edges of the 
field) ; the Eamsden double eye-glass for higher 
powers; and for extremely high ones, a single 
lens of short focus, — are those most generally 
employed. 

(41.) Fraunhofer^s ey&-pieces. — Professor lit- 
trow, in the memoir referred to in art. 35, gives 
the following table of the focal lengths and distances 
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of several of Fraunhofer's four-glass terrestrial eye- 
pieces; in which F represents the focal length of 
the object-glass in inches (Vienna measure); f,f, 
f,/'", those of the four lenses of the eye-piece; 
m the magnifying power; and D, d', d", the respec- 
tive intervals between the first and second, second 
and third, and third and fourth lenses, reckoning 
from the object-glass; — 



M= 


F= 


/= 


/'= 


r= 


/'"= 


D= 


iy= 


D"= 


26 


20-22 


1-56 


1-91 


2-18 


1-20 


2-23 


3-58 


1-84 


42 


31*15 


1-45 


1-78 


2-02 


1-11 


2-16 


3-32 


1-71 


60 


56*56 


1-82 


2-23 


2-55 


1-40 


2-72 


4-19 


2-15 


66 


58-61 


1-71 


2-09 


2-38 


1-31 


2-55 


392 


201 


70 


44-43 


1-22 


1-49 


1-70 


0-94 


1-81 


2-79 


1-43 



in all which^ = 0-82, L = Q-71, L = 1-30, - = 0-1 



/' 



f 



f 



and — = 1*26; ratios which he finds to accord 

almost precisely with those which the theory de- 
livered by him would assign as productive of a 
very large field of view, with complete achro- 
maticity* 

* We find an eye-piece of four glasses, by Ramsden, strongly 
recommended, as perfectly achromatic, and possessed of extra- 
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(42.) Grovefs mode of correcting aberration. — In 
achromatic telescopes of the ordinary construction, 
it is a common defect, to find the chromatic aber- 
ration somewhat over-corrected (or the violet 
focus somewhat longer than the red), and, at 
the same time, the spherical aberration rather 
under-coirected (or the focus for central rays 
somewhat longer than that for marginal ones). 
Mr. Grove (Notices of Ast. Soc^ xiii. 80) has lately 
shewn that both these defects may be exactly, or 
in great measure, remedied by interposing between 
the object-glass and its focus a plano-cowvex lens of 
plate-glass, of a somewhat longer focus than the 
object-glass itself, having its distance from the 
focus from a fourth to a fifth of the focal length 
of the latter, and its plane side towards the eye. 
" The effect of such a lens,* he remarks, " is three- 
fold : 1st, It brings back the over-correction of the 
object-glass; 2dly, Being of a glass acting some- 
what differently on the coloured spaces, it causes 

ordinary distinctness, formed by placing the four lenses A, B, C, 
D, whose focal distances are in the proportions of 0*775, 1*025, 
101, and 0'79 respectively, at the following respective distances 
from each other : AB=M8, BC =183, CD— 105. A, is plano- 
convex, plane side first, the others eqni-convex. 



WOLLASTON'S METHOD OF CENTERING. 63 

them to overlap, and gives a greater residuum of 
white light; and Sdly 9 n (??) "upon the principle of 
the Huygenian eye-piece, it lessens the spherical 
aberration, by receiving the more refrangible at a 
less oblique incidence than the less refrangible 
rays." The additional lens being movable within 
certain limits, is adjusted to its best position by 
trial Its diameter need obviously be only a 
fourth or a fifth of that of the object-glass, and the 
whole instrument will be shortened by its employ- 
ment 

(43.) Centering of the lenses of an object-glass by 
Wollastoris method. — One of the most important 
adjustments of an achromatic telescope consists in 
the due centering of the lenses, i.e n placing them 
so that all the centres of curvature of their sur- 
faces shall lie in one straight line, and that coinci- 
dent with the common axis of the telescope and 
its eye-piece. An ingenious mode of accomplish- 
ing this end has been pointed out by Dr. Wollas- 
ton (Phil. Trans., 1822, p. 32). The lenses of the 
eye-piece being removed, a candle is placed at its 
orifice. The rays from this, reflected on any one 
of the surfaces of the object-glass, will form an 
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image (real or virtual), but which cannot be seen 
by an eye looking through that glass towards the 
candle, since the reflected rays go the other way. 
Each of these images, however (except that formed 
at the surface nearest the candle), may be consi- 
dered as performing the part of a luminous object, 
and forms again a second image by reflection, at 
each of the surfaces nearer to the candle than 
itself; and as the rays from these proceed towards 
the eye, these twice-reflected images can all be 
seen, and their number will be equal to the num- 
ber of combinations, two by two, of the surfaces, 
viz., six for a double object-glass, fifteen for a 
triple, and so on. Now, if the lenses be exactly 
centered, all these ought to be situated in a right 
line directed from the candle. By placing the eye 
at a proper distance beyond the glass, and some- 
what aside of the axis, they are all visible, and 
their exact linear arrangement may be very accu.- 
rately judged o£ especially when, as is most 
commonly the case, two or more of them are 
situated very nearly at the same distance from the 
eye, or on the same point of the common axis ; in 
which case they may be reduced to a rigorously 
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linear arrangement, by scrutinizing them with a 
magnifier, and altering the position of the several 
lenses in their common cell by fine adjusting 
screws. In the paper cited, Dr. Wollaston has 
given rules for doing this in the case of a triple 
object-glass of the original Dollond construction 
(a double concave of flint, between two equi-con- 
vex ones of crown-glass). Practically, however, 
in any assigned case, a small motion given to 
either lens will point out which among the images 
is affected by it, and supersede (by placing the 
matter of fact under ocular inspection) the neces- 
sity of resorting to any written rule or theory, in 
performing the adjustment. 

Of Keflecting Telescopes. 

(44). An optical image may be formed by 
reflexion on a polished surface of glass or metal, 
wrought into a regular convexity or concavity, on 
the'same principles of the divergence and conver- 
gence of the reflected rays as by refraction through 
polished transparent surfaces. There seems, in- 
deed, some reason to believe that the contrivances 

F 
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for distant (£e., telescopic) vision, obscurely in- 
dicated in the passages of Eoger Bacon's and 
Digges's works, which have been cited in support 
of their possession of some means for effecting it, 
refer rather to images originally formed by reflec- 
ting, than by refracting surfaces. Be that as it 
may, the idea of employing metallic concave 
mirrors, instead of convex lenses, very early 
suggested itself to Mersenne, as an abstract theore- 
tical possibility ; to Gregory, as a practical appli- 
tion by which the length of a telescope might be 
reduced, and (perhaps) the image improved ; and, 
finally, to Newton, who clearly perceived that it 
would be so, his discoveries having led him to form 
a just estimate of the vastly greater amount of 
indistinctness produced by the aberration of colour 
than by that of sphericity. From the former 
cause of indistinctness reflectors enjoy an inherent 
immunity; and it was this consideration which 
led Newton, despairing of a remedy for the coloured 
aberration, to turn his thoughts to the construction 
of reflecting telescopes, and to that improvement 
on the construction first suggested by Gregory, 
known as the Newtonian reflector. 
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(45.) The Gregorian Telescope. — The construction 
of this telescope, first described by James Gregory in 
his Optica Promota, in 1663, is as follows : — A and 
b are two concave mirrors, a larger and smaller, 




Pig. 12. 



having a common axis, and their concavities facing 
each other. The larger A, in strictness, should be 
a segment of a paraboloid, forming in its focus at 
q an inverted image pq of a very distant object 
pq, which we will suppose to subtend a very small 
angle (1*) at the centre of a. The small mirror b 
should be a segment of an ellipsoid of revolution, 
having its two foci, the one in q, the other in q' t 
the centre of an aperture in aa, equal to the 
diameter bb of the small mirror. Under these cir- 
cumstances, by reason of the property of the 
ellipse, in which lines drawn from the two foci to 
any point in the curve make equal angles with it> 
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q and q* will be conjugate optical foci; and there- 
fore, taking o for the centre of curvature of bb, or 
of a sphere approximately coincident with the 
ellipsoid, and bisecting bc in E, G will be the prin- 
cipal focus of the small mirror for parallel rays, 
and qG x q / G = gb 2 . These distances, therefore, 
being so adjusted, a second image q'p\ or an image 
of qp, will be formed by reflexion at b, inverted 
with respect to qp, and therefore erect with respect 
to the object qp, and enlarged in the ratio of q'p' 
to qp, or of q'c to qc ; that is, of Bq' to b^. This 
image is then viewed either by a simple convex 
lens placed behind it, as at o, or by means of any 
of the eye-pieces already described. We will here 
suppose the simpler case. The magnifying power 
then, will be thus determined. The first image and 
object subtending equal angles at the aperture in a 
the linear magnitude of the image or qp will = f x 
tan 1", calling f the focal length of a ; and there- 

Bq 
fore that of the second will be f _. . tan 1\ which, 

at the distance of the eye-glass from it (^ will 

subtend the angle-.— * *"> so that the mag- 
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F Bff 

nifying power will be expressed by M = — . — . 

/ b? 

f', then, representing the focal length for parallel 

rays of the small mirror, and D, d 9 denoting the 

distances b^ and b#, we have, by the principles of 

. , „ . 1 1 1 f d f(d-f') 

optical reflection, - -l- - = — , andM = - • - = — tt-, 
d a F fa jy 

from which expression, where all the focal 

lengths, and the distance between the mirrors, are 

known, the magnifying power can be calculated. 

The field of view may be computed from the for- 

1 M 

mula —(a + -) where M is the magnifying power 

determined as above, a the aperture of the eye- 
glass, and A that of the large mirror. This expres- 
sion supposes the aperture of the small one to be 

d df / 

equal to A . - or A . — — — , which will just enable 

F F(D— r ) 

it to receive the whole cone of reflected rays inci- 
dent parallel to the axis of the telescope. It will 
evidently, therefore, not receive the whole of a cone 
reflected obliquely to form a point of the image out 
of the centre of the field, and the defalcation will 
be greater the greater the obliquity. The illumi- 
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nation of the field, therefore, will degrade in 
intensity in proceeding from the centre outwards, 
unless the small mirror be made somewhat larger, 
which will be attended with some additional inter- 
ception of light from the large mirror, but will 
afford a central area uniformly illuminated. 

(46.) Among the advantages offered by the 
Gregorian construction, besides its affording an 
erect image, is, that a considerable proportion of 
the magnifying power is due to the action of the 
small mirror, and is therefore so far performed 
without introducing colour, so that a feebler eye- 
glass, cceteris paribus, being necessary to produce a 
given amplification, its defect of achromaticity, if 
any, is of less moment. This advantage, however, is 
balanced by some serious practical defects, viz. — 1st, 
The loss of light consequent on two metallic reflex- 
ions at a nearly perpendicular incidence, which can- 
not be calculated at less than 0*44 of the whole ; 
2dly, the necessity for a deep concavity in the small 
mirror, which renders it extremely difficult to give 
a truly elliptic form to its surface, without which 
its aberration is very injurious, and the more so, 
since, supposing both the mirrors worked to sphe- 
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rical forms, their aberrations conspire; and that of 
the large mirror is even violently exaggerated by 
the action of the small one. This will be evident 
on inspection of fig. 13, where c is the focus of 
central rays incident on AC and a; that of marginal 
ones, lying (Optics, § iiL) nearer to c or farther 
from D than a. Were the figure of db then truly 




Pig. 13. 

elliptic, and such as to form the image of c at c, 
that of a would be formed, not at c, but at a much 
nearer point a', because conjugate optical foci move 
in contrary directions, and the motion of the more 
distant is much the more rapid. But db being 
supposed spherical, the ray aB being lateral, will 
not be converged to a' the focus of a for central 
rays, but to a point (of) still nearer to b. Optics, 
id supra, fig. 65. 

(47.) It does not appear that Gregory ever sue- 
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ceeded in getting a satisfactory trial of his inven- 
tion. Artists in later times have, however, pro- 
duced telescopes of no contemptible merit on this 
construction; and some of "Short's Gregorians" 
(an Edinburgh artist of great reputation as a con- 
structor of reflectors about 1734) have attained 
celebrity. 

(48.) The Cassegrain Telescope. — Before describ- 
ing the Newtonian, we shall here briefly pass in 
review a construction of the reflecting telescope 
suggested by Cassegrain in or about 1672, which 
differs only from the Gregorian in the substitution 
of a convex hyperbolic for a concave elliptic small 
mirror. Granting the perfection of the forms, it is 
evident that this construction would equally fulfil 
all the conditions of a rigorously perfect image ; and 
that with the advantage of requiring a shorter tube 
— the distance of the mirrors being the difference, 
instead of the sum, of their focal distances. The 
Cassegrain construction possesses another, and that 
not an inconsiderable, advantage over the Gregorian, 
analogous to that pointed out in art 14, when com- 
paring the Galilean with the astronomical form of 
refractors. The aberrations of the two mirrors tend 
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to correct each other (as is easily seen by following 
out the reasoning of art. 46, for a convex form of 
Bp mutatis mutandis); and this renders it more 
readily possible than in the Gregorian form, by 
trying one and the same large mirror in combina- 
tion with several small ones, to select one whose 
defects shall suit and counteract the opposite defects 
of the other, and so produce perfect vision. In 
spite of this (partly by reason of its forming an 
inverted image), the construction is now almost 
entirely disused, though excellent telescopes (by 
Short and others) have been so constructed; and 
so lately as 1813, Captain Kater found, or conceived 
himself to have found, with equal apertures of both 
mirrors, and equal magnifying powers, not only 
better definition, but a greater illumination, in the 
Cassegrain (in the proportion of three to two) ; a 
fact (if really such) which would seem altogether 
inexplicable on any theory of light yet put 
forward. 

(49.) In both these constructions, the adjust- 
ment of the focus to distinct vision is performed 
by giving a small motion to and fro along the axis 
of the tube, by a fine screw. The eye-piece most 
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commonly used is the Huygenian, on account of 
its great aperture and field of view. 

(50.) The Newtonian Reflector. — In this con- 
struction, the image which would be formed by a 
large speculum placed at the bottom of the tube is 
simply deflected, and thrown out> laterally, by a 
small plane reflecting surface, inclined at an angle 
of 45°, to the axis of the large one. It is thus 
rendered visible to the observer's eye, placed out- 
side of the tube, as in fig. 14, in which ab is a 
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parabolic reflector, which alone would form an 
image (pqh) of a distant object in its focus, but 
the rays being intercepted by the small oval plane 
reflector ab, inclined as aforesaid, nearer than the 
focus by somewhat more than half the linear aper- 
ture (ao) of the large one, the image is really 
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formed at pqr, just outside of the tube, and is 
viewed by an eye-glass at e. In this construction, 
as will be sufficiently obvious on tracing the course 
of the rays, the object is seen inverted, and in a 
direction at right angles to the real one. 

(51.) The practical advantages of this, as com- 
pared with either of the former constructions, are 
— 1st, That the excessive difficulty of truly figuring 
the small mirror is avoided ; it being far less diffi- 
cult to give a truly plane surface to a small reflector, 
than a very concave or convex elliptic or hyper- 
bolic one ; 2t%, That by placing the small mirror 
properly, the emergent central ray may be diverted 
out horizontally, or obliquely upwards, so that the 
observer is not constrained to gaze upwards, which 
is very distressing when long continued, but may 
look horizontally, or, if he please, obliquely or 
vertically downwards, without fatigue ; Zdly, That 
the second reflexion is performed at an incidence 
of 45°, by which materially less light is lost than 
at a perpendicular incidence, and the loss may be 
still further diminished by effecting the second 
reflexion (as suggested by Sir David Brewster) at 
a more oblique incidence, elongating for that pur- 
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pose the oval form of the small mirror, from an 
ellipse, whose axes are as \/2 to 1, into one more 
excentric. Or, which is far preferable (as originally 
suggested by Newton himself) a glass prism Ida 
may be substituted for the metallic reflector, acb, 
having a right angle at d, and the angles ab each 
45°. In this arrangement the second reflexion is 
performed internally at the hypothenuse, or base 
of the prism ab, and whether in the case of crown 
or flint glass, is total; so that no more light is lost 
by this second reflexion than would be lost in 
passing through a thick plate of the same kind of 
glass; that is to say, about 5 per cent, if the glass 
be quite limpid and colourless. So effectual was 
the construction for a reflector found, that very 
soon after its proposal by Newton,* Hadley con- 
structed (in 1723) one of 5 i inches in aperture, 
and 62 inches focus, which bore a magnifier from 
190 to 230 times, and surpassed in effect Huygens' 
aerial telescope of 122 feet 

(52.) The magnifying power and the field of 
view, in the Newtonian reflector, are found in the 

* Newton himself constructed a small one, which is still in 
the possession of the Royal Society. 
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same manner as in the simple astronomical tele- 
scope, provided the small mirror be sufficiently 
large to catch the rays reflected from the extreme 
margin of the great one to the opposite extreme 
border of the eye-glass ; just as, in the construction 
last named, would be the case were a plane reflec- 
tor interposed between the object glass and its 
focus. If A be the semi-aperture of the large 
mirror, and F its focal length, the shorter semi- 
diameter of the small mirror must not be less 

a 

than — ; but if limited to this precise measure, 

F 

the central point only of the field of view (as in 
the Gregorian) will be fully illuminated. 

(53.) The usual method of mounting the New- 
tonian reflector, when the large speculum is not 
very weighty, or of more than a few feet in focal 
length, is to suspend the tube in such a manner, 
that when its inclination to the horizon varies, the 
situation of the eye-piece shall change but little, 
so that the observer shall not need to shift his 
position much. This may be done precisely, by 
making the eye-tube itself one of the two opposite 
pivots of a metal frame, embracing the eye-end of 
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the tube (being pierced along its axis, to admit a 
sliding-tube, carrying the eye-lens or lenses). In 
this arrangement, the small mirror must be fixed; 
and the focus must be adjusted, not (as is usually 
done) by moving it to and fro along the axis, but 
by sliding in or out the eye-tube within the 
hollow pivot If destined to cany a micrometer, 
the place of the small mirror must be so near the 
large one as to throw the focus out to a distance 
beyond the bearing of the pivot. For an instru- 
ment destined for meridional astronomical obser- 
vation only, this construction might be adapted to 
a reflector of any size. The eye-axis might be 
supported on a pier of convenient height above the 
ground, enlarged into a platform for the observer 
and his writing materials, etc., who might sit at 
his ease (and under shelter), while the lower end 
of the tube might be depressed when necessary, 
into a pit or sunken area below the ground level, 
by suitable mechanism, whose working might be 
eased by applying a counterpoising weight, nearly 
but not quite equal to that of the tube charged 
with the speculum, applied at the centre of gravity 
of the tube so loaded, according to an ingenious 
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principle devised by Lord Eosse (of which more 
hereafter). 

(54.) When a prism of glass is used for the 
second reflexion in the Newtonian telescope, it 
requires to be protected from dew, the deposition 
of which on its surface is fatal to its performance. 
The same may be said of the object-glasses of re- 
fracting telescopes. No dew forms on the surface 
of polished metal, but glass, from its peculiar 
relations to radiant heat, is extremely liable to 
contract it when exposed to a clear sky at night. 
This may be obviated by slightly warming the 
prism, and by embedding it in a case stuffed with 
warm felt or other non-conducting substance ; or by 
the same means which succeed perfectly in the case 
of a refractor, viz., prolonging the tube of the tele- 
scope some distance beyond it, either permanently 
or by attaching to it a "dew-cap," i.e. 9 a light tube 
of thin metal, blackened within and polished with- 
out, of a length about three times the diameter of 
the tube. 

(55.) The Simple Reflector. — When the aperture 
of a reflecting telescope is so large that the inter- 
ception of the light from a few square inches of its 
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area, by the portion of the observer's head outside 
of his eye, will cause a less loss of light than would 
arise from the interposition of a small mirror, 
together with the imperfect reflexion from its sur- 
face, the small mirror may be suppressed, and we 
have then the construction first imagined by Le 
Maire (and afterwards adopted by Sir W. Her- 
schel), and hence sometimes called the Her- 
schelian telescope. In this construction the axis 
of the mirror is inclined to that of the tube of the 
telescope, so as to bisect the angle between the 
axis of the latter and a line from its centre to the 
edge of the opening of the tube, and thus to form 
an image in its focus, on that edge where the eye- 
piece is placed to receive it. The loss of light, by 
the intervention of the observer's head, and the 
greater inconvenience arising from the disturbance 
of the air by its warmth, may be avoided by ap- 
plying a right-angled prism close to the last lens 
of the eye-piece, so as to effect a total internal 
reflexion on its base at right angles, outwards ; or 
still better, by working the faces of the prism 
itself into spherical convexities (thereby convert- 
ing it into a thick lens), and suppressing the 
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eye-glass entirely of a single lens, or else using the 
prism-lens to supply the place of any one of those 
of which it consists, as may be most eligible. 

(56.) A great advantage of this construction, 
besides its economy of light, is, that the observer, 
in astronomical observations (for which alone it is 
ever used), looks always downwards. Those only 
who are in the habit of observing for many hours 
consecutively can appretiate this benefit Among 
its disadvantages, it must be considered that the 
aberration of the mirror is much increased by the 
oblique incidence of the central rays ; inasmuch as 
the area of the mirror must be regarded as a circu- 
lar portion cut out from the half of a centred reflector 
of twice the aperture. It is evident^ too, that in 
grinding and figuring such a reflector, it is need- 
less to insist on a parabolic form in preference to 
a good spherical one, unless it were possible to 
work the surface to a portion of a paraboloid, 
having its vertex at the circumference of the mirror. 
And here we may once for all remark, that that is 
a good form which gives a good image ; and that 
the geometrical distinctions between the parabola, 
sphere, and hyperbola, become mere theoretical 

G 
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abstractions in the figuring and polishing of specula, 
there being no practical mode of ascertaining, by 
any system of measurements on a scale, what form 
the surface has, apart from its optical effect on the 
rays of light How great the delicacy of work- 
manship required in such operations may be appre- 
hended by considering that the total thickness to be 
abraded from the edge of a spherical speculum 48 
inches in diameter and 40 feet focus, to convert it 
into a paraboloid, is only one 21 ,333d part of an inch. I 

(57.) In the large reflectors which are at pre* 
sent used for astronomical purposes, the two last 
forms of construction are exclusively employed ; 
and, from the facility with which glass prisms of 
sufficient purity and silver mirrors on glass can 
now be obtained, it seems probable that the New- 
tonian will- supersede all other forms. At the 
epoch when Sir William Herschel commenced his 
astronomical labours (1776), the apparent hopeless- 
ness of constructing very large achromatic object- 
glasses, rendered the reflecting principle the only 
one which offered the prospect of an unlimited 
increase of optical power. Devoting himself to 
this object, he succeeded in constructing reflectors 
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gradually increasing in dimension from 7, 10, 14, 
up to 20, 25, and even 40 feet in focal length, 
and with apertures proportional of 6, 8, 12, IS, 24, 
as far as 48 inches. (See Phil. Trans. 1787.) 
Even this limit has been surpassed by Lord Eosse, 
who, after satisfactorily testing his new and refined 
modes of casting, figuring, and polishing, by the 
successful construction of two specula of 36 inches 
aperture and 27 feet focus (described by him in 
Phil. Trans. 1840), finally surpassed every former 
attempt, by the completion of a reflector, on the 
Newtonian principle, of 6 feet aperture and 53 feet 
focus (Phil. Trans. 1848). Mr. Lassell has also 
succeeded in constructing reflectors of very great 
size and perfection. Commencing about the year 
1819, with Newtonian telescopes of 7 and 9 inches 
aperture, and 7 and 9 feet focus, and proceeding 
onwards, in 1844, to 24 inches aperture and 20 
feet focus, he has quite recently succeeded in the 
construction and equatorial mounting of a New- 
tonian reflector, 4 feet in aperture and 39 feet focus. 
M. Delarue, also, and Mr. Nasmyth, have achieved 
great success in this line of optical construction. 
Before proceeding, however, to give any more par- 
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ticular account of these instruments, and the pro- 
cesses employed in their construction, it will be 
advisable to devote some attention, 1st, To the 
kind of advantages accruing from increased dimen- 
sions as a source of optical power; and, 2cUy 9 To 
the comparative advantages and defects of large 
reflectors and refractors, both in reference to their 
convenience in use and construction, and to the con- 
ditions which determine the perfect action of each. 

Illuminating, Magnifying, and SPACE-PENE- 
TRATING POWERS OF TELESCOPES. 

(58.) Perfect distinctness being supposed, illu- 
minating and magnifying power are the two 
great elements of telescopic vision. Except an 
object* whether a real one or an optical image, 
be sufficiently bright* it cannot be seen at all; 
and except the details contemplated cover a cer- 
tain angular area, or subtend a certain amount 
of visual angle at the eye, they cannot be dis- 
tinguished, however great the illumination. Expe- 
rience assigns for the generality of eyes, an angle 
of about 2% or 3 minutes, as the minimum below 
which the form of an object (whether round, square, 
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&c.) cannot be discerned, though its existence as dark 
on a light ground, or vice versd, may be perceived 
under a much smaller angle. A printed page, for 
instance, may be read in a good light, if the letters 
subtend this angle. If further removed, they must 
be magnified by the intervention of a telescope- 
Now, at first sight, it would seem that* as the mag- 
nifying power of a telescope may be increased in- 
definitely (supposing a perfect image), we need 
only apply a sufficiently powerful eye-piece to see 
any details, as to read a page, however distant. 
This, however, is not the case. As the magnifying 
power is increased, the degree of illumination of 
the magnified surface diminishes. For, supposing 
the whole light which goes to form the image of 
(say) one square second of an object's visible surface 
received into the eye, it will be spread on the retina 
over an area greater in proportion to the square 
of the magnifying power; and the illumination of 
the sensitive surface will of necessity be diminished 
in the same ratio. Now, considering only the 
illumination of the centre of the field of view 
(which that at the borders can in no case exceed) 
and denoting by A and a the linear apertures of the 
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object-glass (or speculum) and the eye, and by m 
the magnifying power of the telescope ; if the whole 
light incident on the object-glass from (l") 2 of the 
object were received into the eye, it would illu- 
minate the magnified image of (m*) 2 in the radio 

A 2 
of —5, while that of the natural image formed by the 
m 

2 a 2 1 

eye alone would be -5- The ratio of these is — 2 x — « • 
1 am 

And if we take e for the extinction of light due to 

imperfect transparency of glasses or imperfect 

reflection of metal, this will be further reduced to 

A 2 a 2 

(1-e) -2—2- Now, in no case can — ^-^ exceed 

ma ma 

unity. For even in the extreme case of m = 1, in 




Pig. 15. 



which case the eye-lens e must equal the object- 
glass in aperture, and be equally distant from 
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the focus F (see fig. 15), if a be less than A, all the 
light exterior to the cone marked by the dotted 
lines will fall outside of the pupil; in other words, 
the effective portion of the object-glass will be 
limited to a, and therefore (1 — e) is the maximum 
of superficial illuminating power of which any 
telescope is susceptible. 

(59.) The value of 1 - e, or the ratio of the 
effective to the incident light* after any number of 
successive transmissions or reflexions in a tele- 
scope, may be found by multiplying together the 
numbers set down in the following table for each 
surface, in whatever order the surfaces occur: — 

l-e = 
After transmission through one surface of \ 

glass not in contact with any other > 0*957 (a)* 

surface J 

After transmission through one common \ 

surface of two glasses cemented to- > 1*000 
gether j 

After reflexion on polished speculum metal ) n , ftQO /M 
at a perpendicular incidence J 

• (a) By Fresnel's formula, taking refractive index for glass 
= 1*525 ; (6) by Jamin's results for the yeUow rays — Annale$ de 
Chim. xxii. 1848, p. 230 ; (c) by Jamin's calculation from Cauchy's 
formula — Ann. de Chim. xix. 1847, p. 305 ; (d) do. do. ; (e) by 
SteinheiTs experiments ; (/) concluded from (a). 
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After reflexion on polished speculum metal ) ~ „-~ ,. 

* «• *ikn£y . . . ™. r 690(c) 

After reflexion on pure polished silver at ) ^ 

j- i • -j 1 0-905 (d) 

a perpendicular incidence J v ' 

After reflexion on pure polished silver at ) 

45' Obliquity .. } WU « 

After reflexion on glass (external) at a per- ) 

pendicular incidence J °* 04 3 (J) 

And thence we calculate the effective light in 
refracting telescopes composed of lenses not in 
contact* or the percentage of the incident light 
transmitted by simple or compound eye-pieces, as 
follows, viz. — 

Percentage transmitted through 1 lens .... 0*915 
Do. do. do. 2 lenses . . . 0*838 
Do. do. do. 3 do. . . . 0*767 
Do. do - do. 4 do. . . . 0-702 
A mean of Sir W. Herschel's and Lambert's experi- 
ments would make these values somewhat higher viz. 

0-94, 0*89, 0-84, 0*80, respectively. 

And for the effective light in reflectors (irrespective 
of the eye-pieces), as follows : — 

Herschelian (Lord Rosse's speculum metal) . . a 0*632 

Newtonian (both mirrors ditto) B . . 0*436 

Do. small mirror a glass prism . . * . c . 0*632 

Gregorian or Cassegrain D 0*399 



SPACE-PENETRATING POWEB. 89 

{A . * 0-905 
B . . 0*824 
c . . 0*905 
D . . 0*819 



(60.) When the visual angle, subtended by an 
illuminated surface, is too small to be discerned as 
a thing having figwe> its impression on the eye 
(all other light being absent) is simply propor- 
tional to the total quantity of light which it 
brings to bear on that (sensibly) one and indi- 
visible point of the retina on which it falls. Such 
is the case with stars seen either with the naked 
eye or in telescopes, provided the quantity of light 
is not so much increased as to give rise to the 
curious phenomena of spurious discs and rings 
(see Optics, vol. xvi. p. 618) ; and hence" it arises 
that, as the aperture of a telescope is increased, it 
brings into view, when directed to the heavens, 
still smaller and smaller stars, and that, appa- 
rently, ad infinitum; while those which telescopes 
of inferior dimensions barely render visible as just 
discernible points of light, appear more conspi- 
cuous and brilliant, though not magnified into any 
visible size or shape. From this (which is purely a 
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physiological effect^ and of which no h priori 
reason can be rendered) arises what is termed the 
space-penetrating power of a telescope. Taking 
as unity the " space-penetrating power of the eye," 
or that which just enables it to see the least 
visible star at its actual distance (1), a telescope 
which collects at one point of the retina a quan- 
tity of light n times as great, would render it 
equally visible at n times the distance; and n 
therefore is the space-penetrating power of such a 
telescope. It is evident that this is independent 
of the magnifying power; so that the power in 
question (p) will be represented by 

J^ c ™ ^ e no * a ^ on aboTC employed. Thus, 

a 

for a telescope on the Newtonian construction, of 
72 inches aperture, with a glass prism for a second 

reflector and a double eye-piece, we find 

72 
p= V 0-632 x (0*915)* x 0^5 = 209-5; 

and for one of 18*8 inches aperture on the Her- 
schelian construction, with a single eye-lens, 

18*8 
p = ^0-632x0-915 x ^r = 57 2. 

(61.) When the natural illumination of an 
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object is very feeble, magnifying power in a tele- 
scope will to a certain extent compensate for 
deficiency of light Thus it is that we can read 
with spectacles in the fading light of evening long 
after the page becomes illegible without their aid; 
and thus Sir Wm, Herschel found that, with a tele- 
scope whose space-penetrating power was thirty- 
nine times that of the natural eye, he could read 
the figures on the dial-plate of a distant church- 
clock when the daylight had so far failed that 
the steeple itself was invisible to the naked eye. 

Comparative merits of Eefracting and Keflect- 
ing Telescopes, and conditions requisite 
for securing distinct vision with either. 

(62.) The great obstacle to the indefinite 
increase of dimension of metallic reflectors is their 
enormous weight. The 48-inch reflector of Sir W. 
Herschel weighed 25 cwt.; the 6-feet speculum of 
Lord Bosse no less than 80 cwt. Not only does 
this necessitate the use of very powerful and veTy 
costly machinery, both for their construction and 
their management when constructed, but it entails 
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a great and serious inconvenience of another kind. 
The metal of which they are made, though highly 
elastic and rigid, perhaps as much so as glass, is 
yet so much heavier that, with an equal thickness, 
it is far more liable to bend by the mere action of 
its own weight in different positions of the mass; 
and what is of still more importance, such flexure, 
by altering the inclination of the polished surface 
to the incident rays, acts directly to deviate the 
reflected rays from their proper paths, and produce 
aberration. Now this is iiot the case in a glass 
lens. In refraction through an object glass, single 
or compound, the convergence of the ray towards 
its focus is effected by the prismaticity of the sur- 
face or surfaces at the point of incidence, and so 
long as this prismaticity remains unaltered, is very 
little affected by a minute change in the inclination 
of the surfaces to the incident light, such as flexure 
of the general mass would produce. The flexure 
of an object-glass by its own weight, then, is pro- 
ductive of little or no appretiable disturbance of 
its optical action, and it is fortunate that it is so, 
since no way of supporting it could be devised 
without obstruction of its light In reflectors the 
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case is far otherwise. A speculum of 18 inches 
in aperture, 20 feet focus and 2 inches in thickness, 
was found to be totally spoiled by supporting it 
on three points at its circumference; and when 
reclined against a flat and strong wooden back, 
with a single thin pack-thread interposed down 
the middle, all trace of figure was destroyed, and 
the surface divided into two lobes, each producing 
its own image of a star, and that a most imperfect 
one, connected by an irregular burr of light No 
thickness that can be given to a mirror (unless 
quite extravagant) can obviate this;* and hence 
a perfect uniformity of support over every part of 
the back, and in every angle of inclination to the 
horizon, is the first requisite (after a good original 
figure) towards the good performance of a speculum. 
The necessity of such equable support is not obvi- 
ated, it must be observed, only palliated, by the 
use of glass as the material of the speculum. 

* Lord -Rosse found that a strong pressure of the hand, applied 
at the back of his 6-feet speculum, nearly 6 inches in thickness, 
produced flexure enough to distort the image of a star. In one of 
M. Foucault's silvered glass mirrors, the excess of central pressure 
of an air-cushion, slightly over inflated, destroyed all distinct vision, 
which was instantly restored on allowing the excess of air to escape. 
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(63.) Modes of supporting specula. — There are 
several ways of giving such support The first 
and most obvious is to rest the back of the reflector 
on a soft and equable cushion of elastic material 
This succeeds perfectly well when the weight of 
the metal does not exceed 200 or 300 lbs., in 
which case, a bed consisting of several layers of 
even-textured woollen blanket, or other similar 
material, is completely successful, and leaves 
nothing to desire in respect of simplicity, economy, 
or efficacy, provided the whole be supported on a 
hack so strong as not to yield winder the pressure in 
any part mare than a small aliquot of the total 
compression of the cushion. A similar condition is 
requisite if the mirror be sustained by a multitude 
of feeble springs distributed over the whole extent 
of its back. For small mirrors or light ones, as of 
glass, an air cushion may be advantageously used. 
For very heavy ones, however, the following inge- 
nious contrivance has been adopted by Lord Eosse. 
The back of the mirror, supposed of uniform thick- 
ness, may be considered as divided into three sec- 
tors of 120°.' Suppose the centre of gravity of 
each of these to be sustained by a projecting knob 
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at one of the angular points of a slab of iron, in 
the form of an equilateral triangle, which is itself 
sustained by a supporting point under its centre of 
gravity. Under such circumstances it is evident 
— First, that each sector, being separately and 
independently supported, would bring no strain 
on the others ; and secondly, that the whole weight 
would be equally distributed among the three 
points of support. It remains now to obviate the 
separate individual flexure of each sector. To 
effect this each may be conceived as again subdi- 
vided into three of equal area (or rather of equal 
weight), and the centre of gravity of each of these 
being found, suppose each again to be sustained 
by making it rest on a pin or knob at one angle of 
a smaller, or secondary, iron slab, which in its 
turn should be supported on its centre of gravity 
by making it rest on one of the points of our 
primary triangle. Lastly (for a 6-feet speculum), 
each of these secondary areas may be again con- 
ceived as subdivided into three equal tertiary areas, 
which may be in like manner supported on tertiary 
triangular slabs, each sustained at its centre of 
gravity on one angle of a secondary one. Thus 
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the whole mirror would be ultimately subdivided 
into twenty-seven equal areas, each separately and 
independently supported at its centre of gravity. 
A speculum thus sustained would obviously be 
quite secured against flexure from its own weight. 
The idea is an extension of that of the common 
" splinter bar/' by which, or by a combination of 
which, the pull of two, four, or eight horses drawing 
at once is equalized so as to distribute the work 
equally among them. In its practical application 
by Lord Eosse, it is modified by the introduction 
of certain levers, which add somewhat to the com- 
plexity of the mechanism, and whose action could 
not be rendered intelligible in few words, or with- 
out diagrams, but which do not alter the principle 
of the method. 

(64.) Suspension ly a land or chain. — To give 
perfect freedom, however, to every part of the 
metal to take its bearing on its cushion, or any 
other support* it is absolutely necessary that it 
should be quite free from stickage of any kind, and 
therefore that it should not be in any way fastened 
to its points of support, but be free to glide upon 
them with the least possible amount of friction ; 
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and moreover, that it should not rest on its edge 
on any fixed support when in an inclined position, 
or be pressed against any ring in front of it, but 
should lie against its cushion, pendulum-fashion. 
This may be accomplished (see Results of Cape 
Observations^ p. xii., 1847) by suspending it from 
above in a strap or band of leather, or, for very 
heavy mirrors, of steel strong enough to carry it, 
from a point in its own medial plane in the upper 
part of the tube. In the 6-feet speculum of Lord 
Rosse, the stickage caused by friction, when 
resting on the bottom of the tube, amounted to 
two tons, or would require the full force of six 
horses to overcome it; and its operation was 
totally to defeat the good effect of the equable 
back support till relieved by suspending the 
whole mass in a chain. Mr. Lassell, also, has 
found it necessary to have recourse to a similar 
mode of suspension. The annexed figure f (fig. 16) 
exhibits a simple and easily constructed suspending 
frame on this principle. 

(65.) Another very material obstacle to the 

[* By the author of this volume.] 
f From a drawing made about the year 1845. 
H 
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good performance of a telescope is the disturbing 
effect of currents of unequally heated air in the 
tube. In refracting telescopes, closed at both 
ends, there is little circulation. When the angle 
of elevation is suddenly altered, a temporary dis- 
turbance arises, but soon subsides. In reflectors^ 




Pig. 16. 



however, whose front aperture is necessarily open, 
as night advances and the air cools, there is a 
constant current and counter-current of wanner 
and colder air ascending along the upper and 
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descending along the lower part, or occasionally 
taking on spiral motions, which cause great and 
singular distortions and movements in the images 
of objects. The remedy is to dispense with a tube, 
and use only a light but stiff skeleton framework 
| of iron to connect the large speculum with the 

small one and the eye-piece. {Results of Cape Obser- 
vations, p. xv., note). Lord Eosse has recently 
mounted a 3-feet reflector on this principle, 
which has also been adopted by Mr. Lassell in 
that 4-feet aperture mentioned in art. 56. 

(66.) The performance of an achromatic object- 
glass is often very materially improved by 
stopping out the central rays by a small circular 
disc (exactly centred), of from a twelfth to a tenth 
part of its diameter, which intercepts only rir th 
to T+rrth part of its light, the increased distinct- 
• ness much more than compensating for this 

F sacrifice. Limiting the aperture of the object- 

| glass or speculum, also, to its inscribed equi- 

lateral triangle, is often useful in stellar obser- 
vation, as it reduces the " spurious discs" of stars 
to very small points. (See Optics, ut supra). 
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Of Telescopes with Glass Specula. 

(67.) Caleb Smith's construction. — Newton was 
the first to suggest the idea of employing a con- 
cave glass, silvered on the back, for the larger 
reflector of his telescope (Opt. L, prop, viii), on 
account of the alleged greater facility of polishing 
glass than metal, and its non-liability to tarnish. 
The unwieldy weight of large metallic specula 
(which in Newton's time could not be contem- 
plated as ever likely to become a practical obstacle 
to their enlargement) has given importance to this 
line of construction, and induced several eminent 
persons to turn their attention to it, and in the 
first place, to obviate a material defect in that pro- 
posed by Newton, viz., the production of colour by 
oblique transmission through glass supposed of 
equal thickness throughout. The first construc- 
tion of this kind we have to notice is that 
proposed by Caleb Smith in 1739 (Phil. Trans., 
1740, p. 326). abc (fig. 17) is a glass meniscus, 
silvered on the convex surface B. This will col- 
lect rays of red light incident on its concavity 
parallel to reb, the common axis of its surfaces, 
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in a point q in front of it, because the lens being 
a positive one,* will give the rays in their first 
transmission through it a certain degree of con- 
vergence, which will be increased by reflection on 
a concave surface, and still further increased by re- 
transmission through the lens. And it is evident, 
that as the reflexion tends to produce no separ- 
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Fig. 17. 

ation of the coloured rays, the place of the violet 
focus P will be nearer to the lens H than q, those 
rays being more refracted, i.e. 9 made to converge 
more, in both their transmissions through ac. 
Now, let the rays be incident on a concave glass 
surface, ghi. Then, if its curvature be properly 
chosen, the red rays, instead of converging to Q, 
will, after refraction, converge to B, a point more 

* Having a convex character, tending to produce conver- 
gence. 
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distant. Suppose, then, a pencil of violet rays to 
be incident on H, converging to the mm* point Q, 
this would be brought to a focus at a point s more 
distant (as having their convergence more counter- 
acted). And as the conjugate foci of a lens move 
in the same direction, if the focus of incident 
violet rays, first supposed to be at q, be moved 
towards h up to p, its real place, their conjugate 
focus s will move in the same direction or towards 
R, and by assigning a proper concavity to the 
surface H, may be made to coincide with it. This 
condition, as the reader may easily satisfy him- 
self, is equivalent to the following relation between 

1 
— , the radius of the convex silvered surface 

R 

— , the focal length of the meniscus regarded as a 

9 

lens, -T-, the distance eh, and — the radius of the 
o P 

concave surface h, viz. : — 

, = |(l + 4) + ^4)'. ,;..(.) 

where p is the refractive index of the glass used, 
and v= 2 (r + p)-3. 
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(68.) Thus, after refraction at the first surface 
h of the lens, all the coloured rays will converge 
to one point R beyond the lens ; and if the second 
surface be worked to a spherical concavity, having 
k, so found, for its centre, this convergence will 
not be altered; so that an achromatic image will 
be formed at that point. The radius of concavity 

requisite for this being denoted by __, will be given 

P 

by the equation — 

p'=_ 3( i +a A)_ 2 ^(±y. ...(b) 

As an example, Smith takes the case of a men- 
iscus worked to radii of 40 and 48 inches respec- 
tively, so that E = — ; from which, by assuming 
40 

1*56 = p for the refractive index of the glasses, its 
focal length as a lens comes out 428*45 in., and as 
a reflector, 18*293 in. Taking, then, 15-963 in. for 
the distance of the glasses eh, he assigns 2*8 in. 
for the radius of the surface Gffl, and 6*7 in. for 
that of the surface elm. We find, from the for- 
mulae given above, 2*695 and 7*062 for the exact 
values, the difference arising from a slight arbi- 
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trary alteration made by him in one part of his 
calculation, which destroys its numerical exactness. 

(69.) If the silvered lens, instead of a meniscus, 
be concavo-convex, the refracting lens must be a 
meniscus. In either case, for the latter lens, it is 
obvious that in practice a prism of 45°, having its 
surfaces (gki, Mi) worked into concavities of the 
same radii as those of the lens, must be substituted 
to give the telescope a Newtonian form, and thus 
prevent the observer obstructing the light. There 
being two radii and a distance disposable, by 
assuming a proper relation between them the 
spherical aberration may be also corrected; or, by 
leaving all the four radii arbitrary, and omitting 
Smith's condition that the second surface of the 
small lens shall be concentric with its focus, a 
greater latitude of choice will be afforded, and better 
curves, practically speaking, rendered available. 

(70.) Mr. Airi/s construction. — The next con- 
struction of this nature is that of Professor Airy, 
who proposes (Camb. Phil. Trans, ii, 105, 1822) to 
silver one side of each of the two glass lenses, so 
as to give the resulting reflector a Gregorian or 
Cassegrain form. In this construction, the large 



MB. AIRV& CONSTRUCTION. 105 

mirror is either a meniscus, or a double-convex 
lens, silvered at the back; and the smaller (sup- 
posing a Gregorian form contemplated), a negative 
lens of a concavo-convex form, silvered also on its 
convex or posterior surface, and placed, not as in 
Smith's construction, between the large reflector 
and its focus, but beyond it, as in fig. 18. (If the 
Cassegrain form be contemplated, the reverse must 
be the case, and the small lens must have its pos- 




Pig. 18. 

terior silvered surface concave. The^ reasoning, 
mtUatis mutandis, being similar inT^oth cases, 
we shall suppose the form Gregorian.) In this 
case, the coloured red and violet pencils (as in 
Smith's construction) will be brought to foci Q and 
p; that of the red Q being nearer to the small 
reflector than that of the violet. Now, in this 
arrangement, the small lens being negative in 
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character, both the transmissions through it act in 
opposition to, and partly counteract the convergency 
impressed on the rays by reflexion at the internal 
concavity elm. And it is by the excess of the 
latter action over the sum of the former, that the 
pencils are finally made to converge to a point at 
or near E. The convergent portion of the total 
effect is equal on rays of all colours, being produced 
by reflexion; but the divergent portion, arising 
from refraction, is greater for violet than for red, 
and, therefore, the excess, or the final convergence, 
greater for the red than the violet If, then, both 
those coloured pencils, in their incidence on the 
small mirror, had diverged from one and the same 
point, the independent action of that mirror would 
bring the red rays to a shorter focus than the violet . 
But, in point of fact* the former rays (by what has 
been above shewn) diverge on it from a point q 
nearer to it; the effect of which, in the case of 
reflexion at a concave surface, is to lengthen the 
focus, t.c, to act in opposition to the independent 
action of the small mirror as above described, and 
so to correct the coloured aberration. By a proper 
adjustment, therefore, of the powers of the two 
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lenses, regarded as such, the red and violet foci 
may be united at E, and therefore, if the lenses be 
of the same glass, all the intermediate rays ; so 
that in this construction (and the same is true of 
Smith's) no secondary spectrum will be produced, 
and a perfect achromatism attained. This adjust- 
ment, as Mr. Airy has demonstrated, will be effected 
by employing lenses for the two reflectors, whose 
powers, the one as a positive, the other as a nega- 
tive lens, are to each other inversely as the squares 
of the distances of the first-formed image from the 
two reflectors respectively. 

(71.) Since there are four spherical surfaces, 
and therefore four radii of curvature disposable, 
this condition establishes only one relation among 
them. The length of the telescopes, and the dis- 
tances of its two specula from the first-formed 
image being assigned, this is equivalent to the 
establishment of two others. For the determina- 
tion of all the radii, there remains yet one other 
relation among them which may be such as shall 
secure the destruction of the spherical aberra- 
tion. The calculation is too complex for inser- 
tion here, but leads, as Mr. Airy has shewn, to a 
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final cubic equation, which, having always a real 
root, such destruction is always possible. 

(72.) Hitherto nothing has been said about the 
portions of light reflected from the first surfaces of 
the glass mirrors (in each reflection about 2*. per 
cent of the incident light). No adjustment of the 
curvatures of the surfaces will unite these finally 
into a common focus with the transmitted portions. 
On the contrary, in any conceivable state of the 
data* they will ultimately converge to or diverge 
from points very remote from that common focus 
and from each other, and will therefore be so dis- 
persed and enfeebled on reaching the eye-glass, 
and so small a percentage of them will reach it at 
all, as to create no perceptible haziness or con- 
fusion in the image. 

(73.) Glass specula silvered by Liebicfs process. 
A few years ago, a method was discovered by M. 
Liebig, of coating glass, by an elegant chemical 
process, with a film of pure silver of perfect con- 
tinuity, the highest possible reflective brilliancy, 
and exceeding thinness and evenness of substance, 
so much so as even to possess a certain very feeble 
transparency, the sun being visible through it, 



STEINHEIl/S AND FOUCAULT'S specula. 109 

of a dull blue colour.* This has been taken 
advantage of, in the first instance (in March 24, 
1856 — Gazette Universelle (EAugsbwrg), by M. 
Steinheil, and somewhat later (Feb. 1857 — see 
Comptes Rendus, vol. xliv., p. 330), without know- 
ledge of M. SteinheiTs results, by M. Leon Foucault, 
to produce silvered glass specula in the following 
manner : — A glass disc, of the requisite diameter, 
and thick enough to bear grinding and polishing 
without distortion (but which needs not to be opti- 
cally pwre, streaks and veins in its substance being 
of no moment), is worked and highly polished to a 
true concave parabolic figure on one of its surfaces, 
which is then coated with silver by Iiebig's process. 
The thin metallic film thus formed is then polished 
by delicate friction, with a cotton pad covered with 
the finest glove leather, little or no polishing pow- 
der being needed. Its texture is so close, and its 
thickness so perfectly uniform, that it at once, and 
with the utmost facility receives a perfect polish, 
and retains a true optical surface, identical with 
that of the glass paraboloid to which it adheres."}" 

* Gold leaf in like manner transmits a feeble green light, 
f The most successful process for silvering has been 
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(74.) The advantages offered by this construc- 
tion (supposing the performance of large reflectors 
so executed to correspond to the reasonable 
expectations excited by the complete success of 
trials on a moderate scale) are immense. In the 
first place, glass, weight for weighty is incomparably 
stiffer than metal ; so that a glass speculum, to be 
equally strong to resist change of figure by flexure, 
need weigh only one-fourth of a metallic one. 
Secondly, a glass disc of 6 or 8 feet in diameter 
may be cast, annealed, and wrought with infi- 
nitely less labour, hazard, and cost than one of 
speculum metal. Thirdly, supposing a slight 
tarnish to arise from sulphuration, the reproduc- 
tion of the polish is the work of a few minutes, 
and is performed without any chance of injuring 
the figure. Even if irretrievably spoiled, the 
silver coating can be instantly removed, and a 
fresh one laid on at a comparatively trifling cost, 

found by Mr. Delarue and Dr. Miller to be that described by M. 
Liebig in the Annalen der Chemie und Pharmacia, xcviii., p. 132. 
It is also stated at length in the Notices of the Astronomical 
Society, xix., 171. An easier (possibly a better) process, is that 
of M. Petitjean, described in No. 57 of the Photographic News, 
iii., p. 49. 
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the parabolic figure once given to the glass being 
indestructible. Fourthly and lastly, the reflective 
power of pure silver (according to SteinheiTs 
experiments) is to that of the best speculum alloy 
as 91 to 67, or as 1-36 to 1. 

(75.) The largest reflector on this construction 
which we have heard of as being completed, is one 
by M. Foucault, of m - 33 ( = 13 in.) aperture, and 
the singularly small proportional focal length of 
2 m, 25 (7 ft. 4^ in.), with which, under a magni- 
fying power of 600, he has succeeded in separating 
the small double companion of y Andromedae, well 
known to astronomers as a test of the performance 
of a good telescope.* M. Foucault is said to be 
actually engaged on the construction of others of 
larger dimensions, one of 15 in. being so far com- 
pleted as to give an excellent view of the moon ; 
directing his attention, however, rather to giving 
extraordinary perfection to the parabolic form of 
the glass-surface than to increase of aperture ; and 
that most judiciously, inasmuch as the perfect 

* [For a list of double stars forming a graduated series of 
tests of the performance of a telescope, the reader is referred 
to the author's " Outlines of Astronomy," 5th Edition, Art. 836, 
p. 609.] 
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figure, once imparted, is permanent ; whereas, in 
metallic specula, it is destroyed, and has to be 
reproduced at every repolishing. His processes 
for this purpose are quite peculiar, and will be 
noticed more particularly hereafter. M. Kaiser 
(Astron. Nachr., 1070) reports very favourably of 
the performance of a glass speculum by Steinheil, 
of 4 in. aperture and 8 ft. focus, which divides x 
and t ophiuchi, very difficult double stars ; and he 
is understood to be engaged on one of 13 in. 
aperture, for Mr. De la Kue's equatorial. 

(76.) Nothing prevents the adoption of liebig's 
process of silvering to produce the reflective 
coatings in Mr. Aivfa and Caleb Smith's con- 
structions ; and as the metallic film might then be 
preserved from sulphuration and abrasion by a 
coating of copal or mastic varnish, the reflectors 
would be indestructible. 

(77.) The Helioscope. — There is yet another 
species of reflecting telescope to be noticed, the 
specula of which are made of unsilvered glass, 
employing only the portions of light reflected at 
their first surfaces. The object of this construction 
(first proposed by the author of this article in 1847 
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— see Results of Asiron. Obs. at the Cape of Good 
Hope, p. 436) is to obviate the necessity of employ- 
ing darkening glasses in viewing the sun with 
telescopes of great power, which break by the heat 
and endanger the eye, besides other inconveniences. 
It might be imagined that this end would be 
effected by simply contracting the aperture of any 
good telescope, and so shutting out all superfluous 
rays. But this does not succeed in practice. 
Perfect distinctness is not attainable in telescopes 
with very small apertures and high magnifying 
powers, when directed to the sun, moon, or planets. 
A certain ratio of the aperture to the focal length 
(not less than one-twelfth or one-fifteenth as the 
minimum) is requisite ; so that, if we would obtain 
the full advantage of a large aperture and high 
power, some means of suppressing, or otherwise 
getting rid of, a large percentage of the sun's rays, 
becomes necessary. This is done by the following 
arrangement: — The large speculum (a) of a 
Newtonian telescope is a double concave crown or 
plate-glass lens, the radius of curvature of whose 
anterior or reflecting surface is twice the proposed 
focal length. This surface must be worked to a 
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true parabolic figure. The back requires only to 
be well polished, and worked (whether accurately 
or not is of no moment) to any moderately deep 
concavity. Neither is the quality of the glass, as 
to veins or streaks, of any consequence, provided it 
be colourless. When the sun's rays are incident on 
such a glass, about 4i (4*3) per cent are reflected 
at the first surface, and converged towards a focus 




Fig. 19. 

F. The rest falls on the second surface, and is for 
the most part transmitted and dispersed out at the 
back of the telescope (which must be open, to permit 
their escape into the air, so as not to heat the glass 
and thereby distort its figure). The small percentage 
reflected internally is dispersed by the joint 
action of this reflection and a second refraction out 
.into the air, forwards, and so rendered incapable of 
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interfering with the image formed .by the first 
surface. The rays from this are received and par- 
tially reflected at 45°, on (bc) the first surface of a 
crown-glass prism BCD, having a refracting angle 
c (turned towards the eye) of not less than 30 or 
40 degrees. The intensity of the light finally re- 
flected, then, will be about 0*043 x 0*050 = 0-00215, 
or about ?i^th part of the direct illumination; 
which, being further enfeebled by magnifying (art. 
58), will allow the image to be viewed either with- 
out a darkening glass, or with a very feebly coloured 
one, and without any danger of fracture. The 
transmitted portion of the cone of rays converging 
to F, pursues the course indicated in the figure, and 
is entirely thrown out at the mouth of the telescope, 
the prism being set transparent for that purpose. 
Only the reflecting surface (bc) of the prism needs 
to be truly worked, and (as in the case of the 
large speculum) its perfect homogeneity is of no 
moment. M. Porro, an eminent French artist* has 
recently constructed an instrument (exhibited to 
the French Institute, Jan. 28j 1858) on a principle 
very similar to this, only that the second reflection, 
instead of being performed at an incidence of 45°, 
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is performed at the polarizing angle for glass 
(incid. = 55°, obliquity = 35°) ; so that the rays 
form an image completely polarized in the plane 
of reflexion ; and a Nicol prism being placed 
between the eye and the eye-piece, the light may 
be enfeebled to any extent we please without the 
use of any darkening glass.* 

Of Binocular Telescopes. 

(78.) One of the first conditions which the 
States-General of the Hague imposed on Iipper- 
sheim (the reputed Dutch inventor of the tele- 
scope), on his application to them for a patent 
(which they refused him, on the ground of the 
alleged prior publication of the invention, while 
agreeing to pay him a high price for a stipulated 
instrument), was, that it should be binocular. 
They had no idea of restricting the newly acquired 
faculty to one eye and keeping the other idle. It 
is no doubt more comfortable to use both eyes in 
looking through a telescope, as in natural vision ; 

* [Such a prism may also be applied with nearly equal advan- 
tage to the eye-piece of the helioscope as above described, the 
light reflected at 45° of incidence from glass consisting in great 
measure of polarized rays. ] 
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and the binocular principle has also this advan- 
tage (assuredly not contemplated as one of their 
motives for insisting on it), that when each eye 
looks through a separate telescope, the foci may be 
separately adjusted to perfect vision for each, and 
thus a long and a short sighted eye (and few per- 
sons have both exactly alike in this respect) may 
be brought into precisely consentaneous action. 

(79.) The usual form of the binocular tele- 
scope is that of two equal and equally magnifying 
refracting telescopes, mounted side by side at a 
fitting distance, to admit of each eye being applied 
to its corresponding eye-piece at the same time. 
Of course this restricts the aperture of either tele- 
scope not to exceed the interval between the 
centres of the two pupils. But this is no con- 
temptible aperture, and although for the most part 
the use of this construction is confined to the 
small double opera-glasses, with which every one 
is familiar, it has also been employed (though 
without any very great practical advantage) to 
astronomical purposes, for viewing the sun, moon, 
and planets. When used for viewing near objects, 
the mounting must admit of a slight convergence 
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being given to the axes of the telescopes, to direct 
them at once to the same object. If this be not 
done, the object is seen double ; but so soon as the 
images are brought very near, they suddenly 
spring together, even while some minute deviation 
still subsists, in a very singular and striking way ; 
while the sensation changes at once, from that 
of contemplating a picture, to that of viewing a 
real object 

(80.) Binocular telescopes. M. VallacKs con; 
struction. — No particular description of an instru- 
ment of this kind can be needed. But a binocular 
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Fig. 20. 

construction, imagined by M. Vallack (Ast Soc. 
Notices, viii. 139), is of a higher kind, and merits 
notice. He proposes to place two Newtonian 
reflectors, of any (equal) apertures and magnifying 
powers, side by side as in fig. 20, with both their 
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axes in the plane passing through the two pupils. 
The small minor of the further telescope is placed 
closer to the large one than that of the nearer, by 
a distance equal to the whole aperture of the latter 
plus the thickness of tube, so that the two images 
shall be formed equi-distant from the two eyes. 
By this ingenious device the binocular principle is 
rendered available for telescopes of any aperture. 

(81.) Stereoscopic principle of Mr. Wheatstone. — 
It is, however, only when used in combination 
with the principle of stereoscopic vision (as 
explained by Mr. Wheatstone), in all its extent, 
that the full advantage of binocular vision through 
telescopes can be realized. When an object, at 
any considerable distance, is viewed through an 
ordinary binocular, the base afforded by the 
interval between the eyes is too small to bring 
them up to a high relief or to define the relative 
situations of several objects seen together, in 
space. But, by artificially enlarging this base, the 
same advantage is gained which would arise from 
increasing the personal dimensions of the specta- 
tor to giant size. He will thus be enabled to view 
a distant complex object (as a town or a group of. 
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mountains), as a person of ordinary size would 
contemplate a model of it placed much nearer to 
him. 

(82.) A very simple experiment will illustrate 
the way in which this takes place. On a hori- 
zontal board (abcd fig. 21) place two looking- 
glasses (ef), with their planes vertical, and set on 




stands, so as to allow of their being turned round 
in any azimuth. In the middle of the board place 
two others (gh), smaller and similarly mounted, 
their centres being distant from each other by the 
interval between the two eyes (about 2 J inches), 
their planes being parallel to those of ef, and their 
reflecting surfaces turned towards the others 
respectively. All the glasses being placed at 
about 45° to the length of the board, their planes 
are to be adjusted by turning them a little in 
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azimuth, until the two images of a distant object, 
seen by the two eyes, at ik, by double reflexion, 
are brought into exact coincidence. When this is 
the case, they will seem to spring into one, as 
described (art. 77), and the object so seen will 
appear nearer and smaller than when directly 
viewed. The increased apparent proximity is a 
consequence of the greater convergence of the 
visual pencils, by which the object is seen by the 
two eyes : the apparent diminution is a consequence 
of its being judged to be nearer, while subtending 
the same angle at the eye. 

(83.) This diminution may be counteracted, 
and converted into an apparent augmentation, by 
interposing between the two pairs of reflectors 
(eg and fh) refracting telescopes of equal aper- 
tures and magnifying powers.* Or two such 
telescopes may be fitted with reflectors at 45°, 
at the object and eye-end, and fastened on the 
arms of a jointed ruler, to allow of adjustment to 

* The arrangement here described, in this, its most simple 
form, was suggested and tried successfully by Mr. A. S. Herschel 
in 1855. A stereo-telescope has been described, and we presume 
constructed by M. Helmholz, but we are not aware (Oct. 2, 1859) 
of its precise form or its date. 
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objects at different distances. Or a single tube 
may be fitted with equal object-glasses at the two 
ends, and with their corresponding eye-pieces in 
the middle between them, each furnished with a 
reflector, directing the visual pencil out at right 
angles, into eye-tubes at 2J in. apart. Eeflectors, 
adjustable by a screw motion, may be fitted into 
caps and applied externally beyond the object- 
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glasses, giving the instrument the convenient and 
portable form represented in fig. 22; in which a, b, 
are the object-glasses ; c, D, the adjusting screws 
for the external reflectors (of silver deposited on 
glass by Liebig's process) ; e e> the internal reflec- 
tors, one or both of which may be made delicately 
adjustable by a fine screw, to bring the images 
into their ultimate exact coincidence; gh, the eye- 
tubes, with day eye-pieces; and ik, a small finder, 
to direct the instrument to any object, 
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OF THE METHODS PRACTISED IN THE ACTUAL CON- 
STRUCTION OF LENSES AND SPECULA. 

(84.) Having thus described the principal 
combinations of refracting and reflecting surfaces, 
which have been devised for the construction of 
telescopes, it remains to say something of the 
practical means which have been adopted for the 
actual manufacture of the specula and lenses. 
They require a delicate and difficult art* especially 
as regards the former, where parabolic, elliptic, or 
hyperbolic figures have to be communicated to the 
polished surfaces in the very act of polishing 
them. In the case of lenses, as we have seen, all 
the requisites of a perfect telescope can be attained 
by the use of truly spherical surfaces, and these 
it is comparatively easy to form, by reason of the 
natural tendency of two surfaces which grind each 
other by equable rubbing over every part, to work 
each other into a spherical concavity and con- 
vexity exactly fitting. Practically speaking, when 
it is intended to work a glass surface to a sphere 
of an exactly assigned radius, the nearly approxi- 
mate spherical form of the right curvature is first 
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communicated to it by grinding in a metal basin, 
of the proper concavity, which may be done to 
some considerable nicety by 
turning the tool in a lathe, to 
fit a guage. The lens is then 
connected, or otherwise firmly 
attached, to the lower end of 
a vertical rod of wood or 
metal ab (fig. 23), the upper 
end of which terminates in 
a steel ball f, working in a 
cup c, to which it has been 
accurately fitted by smooth 
grinding, so that every point 
of the surface A of the lens, 
when made to oscillate or 
revolve conically by a motion 
given to the rod by a hand 
grasping it at B (where it is 
enveloped in woollen cloth or 
felt, to prevent the com- 
munication of warmth), will move in a spherical 
surface, concentric with the ball f. Below is 
fixed a small polisher D of pitch, spread on brass 
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coated with some fine polishing powder, mixed 
with water, and brought up into delicate contact 
with the lens by a fine screw motion, and the 
rod being worked to and fro, and circularly, so 
as to bring every portion of the lens equally over 
the polisher, by degrees a perfect spherical and 
polished surface is acquired, the radius of which 
can be adjusted with any requisite precision by 
lengthening or shortening the radius-rod by a 
screw adjustment. Lenses may also be figured 
and polished to perfect spherical, and probably 
also to good parabolic or hyperbolic surfaces, by 
any of the processes which are found to succeed 
in the case of specula, and indeed with greater 
ease and certainty, the material being little, if at 
all, harder, the texture at least as close and equable, 
and the weight much less obnoxious. Mr. Grubb, 
of Dublin, has constructed an apparatus equally 
applicable to both, which has produced very suc- 
cessful results. 

(85.) The glass discs are either cut from blocks 
of glass, as practised by Fraunhofer, and, we pre- 
sume, by his successors, or moulded out of 
selected fragments of such blocks, softened by 
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heating to redness, and carefully annealed; which, 
when once pure glass fit for the puipose is ob- 
tained, offers no peculiar difficulty of manipu- 
lation. With metal specula the case is very 
different, the material being much more intrac- 
table, so that with these the peculiar difficulties of 
construction commence with the formation of the 
disc itself to be operated on. 

(86.) Materials of Metallic specula. — The raw 
material of metallic specula at present in use is an 
alloy of pure copper with pure tin. In the origin 
of this art various other metals were added in 
small proportion. Thus Hadley recommended an 
alloy of 24 copper, 12 brass (copper and zinc), 12 
of tin, and 1 of silver; Painter, 32 copper, 13 tin, 
and 1 antimony; Edwards, 32 copper, 15 tin, 1 
brass, 1 silver, and 1 arseni'c; the latter of which 
alloys gives a beautiful metal, but excessively 
brittle. These small admixtures of other metals 
are now pretty generally abandoned, as it is by no 
means clear that they are productive of any advan- 
tage. Mr. Lassell, however, adds still a portion of 
arsenic Mudge {Phil. Trans., vol. lxviL, p. 298), 
who was the first to reject these additions, recom- 
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mends the proportion of 64:29, or 31*18 per cent 
of tin, approaching very nearly to an atomic com-' 
position of 4 atoms of copper to 1 of tin, which 
gives a percentage of 31*79. The latter is the pro- 
portion found by Lord Bosse to give the most 
brilliantly reflective metal, and the least liable to 
tarnish ; labouring, however, under the disadvantage 
of excessive brittleness, and of such extreme hard- 
ness, that a steel file will barely mark it. Sir 
William Herschel found it impracticable, by the 
methods then in use, to obtain durable castings of 
a speculum 36 inches in diameter, or even with 
certainty of 24, with so high a percentage as 29*41, 
these metals, however slowly cooled, cracking in 
the mould ; and for one of 48 inches he was 
obliged to lower the percentage to 25 for the same 
reason. For smaller specula his usual composition 
was that of 29*41, above mentioned, which, when 
well polished, he found to reflect 0*673 of the 
incident light. In making the mixture it is 
indispensable to cast the metal first into ingots, 
and then to remelt it (which requires ^ much 
lower heat than that required for the first melting, 
which must be that of melting copper), adding a 
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small quantity of tin to replace that destroyed by 
oxidation, and stirring the melted metal before 
pouring with a wooden pole (as in the "poleing" 
of copper castings). 

(87.) The destruction of the more brittle metal, 
by cracking in a close mould, is owing to the 
violent tension induced in the internal portions of 
the mass by the simultaneous fixation of the whole 
external crust, while the interior remains fluid, and 
which cannot then contract in dimension without 
solution of continuity. Mr. Potter (Brewster's 
Jour., KS. iv. 18, 1831), by casting the metal into 
a mould, the lower surface of which consisted of a 
thick mass of steel, succeeded in determining the 
rapid fixation of the lower surface, and the subse- 
quent abstraction of the heat by conduction through 
it in the same direction, and thus solidifying the 
mass in successive strata from below upwards, 
allowing each new stratum to accommodate itself 
in some degree to the already contracted state of 
the previous one. Dr. Macculloch (Journ. of 
Science, June 1828) had previously recommended 
quick cooling to the fixing point* not to obviate 
fracture, but to prevent crystallization, but with- 
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out a word as to the mode of accomplishing it. 
The same principle has been adopted by Lord 
Rosse in the casting of his large specula, with 
perfect success. An iron bed was prepared of 
strips of iron-plate, set edgeways, and forcibly held 
together by an iron ring. These were turned on 
a lathe to a convexity equal to the intended con- 
cavity of the mirror, and the metal being then 
poured into an open mould, formed by ramming 
sand round a pattern laid on this bed, assumes a 
close-grained and even surface, free from pores, by 
the escape of air or vapour between the iron plates. 
The difficult and costly construction of such a bed 
is dispensed with in Mr. Lassell's practice, by using 
a solid one of cast-iron, inclining it slightly, intro- 
ducing the fluid metal at the lowest point, in a 
smooth, even flow, and gradually reducing the 
inclination to the horizon, as the mould fills, to an 
exact leveL 

(88.) The metal, when solidified, still requires 
long and most cautious annealing in a furnace or 
oven, at first red-hot, but gradually suffered to 
cool for many days, or even weeks; the walls and 
roof for this purpose being very massive, and 

E 
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every aperture carefully dosed Even when thus 
prepared, such is the brittleness of the material, 
that even the sudden affusion of moderately hot 
water on the cold metal occasions fracture. 

(89.) The next process to be performed is the 
grinding : to prepare it for which the disc must first 
be edged or brought to a clean, round circumfer- 
ence, by grinding it with emery on a concave iron 
tool or basin, so as to give its margin a gentle con- 
vex slope, inwards, which, in the subsequent 
operation on a convex tool, allows of its passage 
over the coarser grinding particles without splin- 
tering or tearing the edge. It is then ground on 
such a tool, which should be of iron, turned by 
a gage as nearly as possible to a segment of a 
sphere of the intended radius ; and if for very large 
metals, divided into squares by grooves cut into 
its surface, to allow the free circulation of the 
grinding powder, and the water with which it is 
mixed. If the metal be of moderate size, not 
exceeding 20 inches in aperture, and strong 
enough to bear rather rough handling, this process 
is most easily performed by working it to and fro, 
with short strait strokes, and with a regular rota- 
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tion on its centre, upon a solid and massive cast, 
iron tool of the same diameter as the metal, or 
only a very little larger, avoiding to go much over 
the edge. When this is done the tool must not be 
divided into squares, as the lodging of coarse par- 
ticles in the grooves would be fatal to the opera- 
tion. By this adjustment the abrasion takes place 
ujiiformly over the whole surface, and the curva- 
ture has no tendency to alter. If the tool be 
smaller than the mirror, it is obvious that, the 
central portions of the latter being always ground, 
while the circumferential alternately escape, the 
centre will be more abraded than the rest ; and as 
the mirror and tool react on each other, and 
always tend to a common curvature, the curvature 
of both will increase, and the focus be shortened. 
On the other hand, if the tool be much larger than 
the mirror, and its edge be little or not at all 
over-passed at each stroke, its centre will be more 
abraded, the curvature of both flattened, and the 
focus lengthened. On this principle, by length- 
ening or shortening the stroke in grinding, on a 
tool but little larger than the mirror, a certain 
(though not a great) command over the focal 
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length is obtained* Coarse emery is used at first; 
but so soon as the whole surface is found to be 
attacked, it must be exchanged for finer, and, as 
the scratches disappear, for still finer, obtained by 
washing and allowing the coarser particles to sub- 
side, till at length the smoothness is so perfect, 
and the fitting of the surfaces so equable, that it 
seems to float on the tool, and (however heavy) 
requires no more force to move it than if it lite- 
rally did so. For very large and massive specula, 
however, both Lord Eosse and Mr. Lassell have 
found it preferable to lay the metal down on its 
back; and grind it from above by a lighter and 
more manageable tool, divided into squares, as 
above described. 

(90.) When the metal is reduced by grinding 
to a perfectly true and even surface, free from the 
smallest perceptible scratch, it will be found reflec- 
tive enough to afford an image of a star, or of a 

* If this latitude be not sufficient, the tool may be rendered 
more flat by grinding upon it a much smaller mirror or a flat 
disc; or the mirror be rendered more concave by laying it face up- 
wards, and grinding it for a time with a much smaller tool, after 
which the grinding must be repeated in the regular way on the 
proper tool. 
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distant white object, sufficiently distinct to try 
whether its focal length is correct; and, if it be 
so, the process of polishing may be commenced, 
the object of which is not merely to communicate 
a brilliantly reflective surface, but at the same 
time a truly parabolic form.* If the material of 
the tool on which this operation is performed were 
perfectly hard and non-elastic, it is evident that 
this would be impracticable, since none but a 
spherical form could arise from any amount of 
friction on such a material once supposed spheri- 
cal ; and even if parabolic, it could not commu- 
nicate that form to a more yielding body worked 
upon it otherwise than by a rotary motion about 
a common axis, which, with the slightest inequality 
of hardness in the metal, would infallibly work it 
into rings of unequal polish. Happily, however, 
there exists a material which, with sufficient 
hardness to offer a considerable resistance to 
momentary pressure, is yet yielding enough to 

* An intermediate step is sometimes interposed — viz., that 
of figuring the metal so ground on a bed of hones, imbedded in 
hard pitch, and previously brought to a true figure. Messrs. 
Nasmvth and Delarue lay great stress on this part of the process. 
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accommodate its form to that pressure when pro- 
longed, and at the same time sufficiently elastic to 
recover it if quickly relieved; that substance is 
pitch, whose properties, in this respect, were at 
once taken advantage of by Newton, with that 
sagacity which distinguished all his proceedings, 
as the fitting material for a polisher. A coating of 
this substance, liquefied by heat, is spread over 
the surface of a convex tool of a radius equal to 
the concavity of the speculum. The tool which 
has served for the grinding process will be well 
fitted for this use; but if the metal be a very large 
one, and it is intended to polish it face uppermost, 
a lighter tool will be preferable, and Mr. Lassell 
even employs one of deal plank, crossed in two 
thicknesses, and glued together, to obviate warping 
(a glass or slate slab would perhaps be better). 
If the tool be of iron or brass, its weight will 
require to be partly counterpoised. On such a 
tool the pitch should form a coating, which need 
not be more than a quarter of an inch in thick- 
ness. For small specula, however, which are in- 
tended to be polished face downwards, the tool 
may be a heavy mass of lead or iron, covered to a 
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depth of half an inch with the pitch. In either 
case, the pitch, when laid on and cooled, must be 
moulded to the exact form of the mirror, either by 
very gently warming the latter (by the affusion of 
tepid water), or by similarly wanning the polisher 
itself, which is safer when very brittle metals are 
concerned. A first approximation to the exact 
form will be attained by interposing a sheet of 
fine muslin, wetted and strained over the surface. 
The pitch must then be cut into small squares, 
not exceeding l£ inch, or 2 inches in the side, 
separated by angular grooves or gutters, whose 
office is to receive the liquid necessary to moisten 
the polishing powder, to allow of its circulation, 
and to suffer the atmospheric pressure to act on 
the lower surface, and thus prevent adhesion in 
the act of lifting off, or when the surfaces do not 
exactly fit In Lord Eosse's practice the tool 
itself is cut into such squares, which are not filled 
up by the very thin coating of pitch he applies ; 
what does get in being removed by a cutter. In 
Sir W. Herschel's (who almost always operated by 
laying the speculum on the polisher, and working 
it face downwards) the squares were cut with a 
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peculiar oblique-edged chisel or cutter, kept from 
sticking by frequent wetting, to very clean and 
definite edges; and, to promote the even distri- 
bution of the polishing material, the surfaces of 
the squares themselves were scratched or scarified, 
so as to subdivide them into still smaller ones. 
Circular gutters, crossed by others radiating from 
the centre, are sometimes employed, but are objec- 
tionable, and, on the whole, a uniform system of 
squares is both easiest and most effectual Their 
free communication, inter se, is however of the last 
importance. 

(91.) Quality and consistency of pitch. — The 
proper quality and consistency of the pitch, also, is 
of great moment. Mr. Lassell's test of hardness is 
the impression left by a sovereign standing 
vertically on its edge upon it, which in one mi- 
nute ought to leave three complete impressions, of 
three milled notches at the then temperature of 
the atmosphere. Sir W. Herschel used a * pitch 
gage," being a weight of about half a pound, resting 
at one end of a wooden lever, on a supporting 
blunt edge of a piece of brass, by the depth of 
whose impression, in one minute, he was enabled 
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to judge of the hardness. If pitch be too soft, it 
may be hardened by remelting with heat enough 
to vaporize some of the essential oil of turpentine 
i it always contains ; if too hard, a little of this oil, 

or of a softer pitch, may be added. But, besides 
the hardness, pitch varies exceedingly in quality, 
some specimens being quite unfit to communicate 
a fine polish. The best in Sir W. Herschel's 
experience was a mixture of brown Swedish or 
Stockholm pitch and a darker coloured and less 
j glutinous variety, formed by boiling down 

| American tar to a hard consistency. It is almost 

needless to remark, that the pitch employed should 
be fresh, taken from the centre of the barrel in 
which it was imported, and quite free from gritty 
or fibrous particles. 

(92.) In the practice of all previous artists, 
followed both by Sir W. Herschel and Mr. Lassell, 
the operation of polishing was performed by the 
surface of the pitch itself. Lord Kosse, however, 
uses this substance as, strictly speaking; only an 
elastic and yielding cushion, coating it over with 
a layer of harder substance, consisting of resin, 
melted with dry wheat-flour, and a small quantity 
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of turpentine. So far as the experience of the 
author of this volume extends, he is disposed to 
believe this additional preparation unnecessary. 

(93.) Polishing Material. — That the final opera- 
tion of polishing and figuring a speculum is one of 
great delicacy may be concluded from what is said, 
in art 56, of the thickness of metal which, in one 
of the largest dimensions, makes the difference 
between a spherical and parabolic surface. How 
far the processes now to be described are commen- 
surate in delicacy to such requirements, may be 
gathered from the following experiment: — A 
speculum, 18 f inches in diameter, was polished 
with sesquioxide of iron (rouge or colcothar of 
vitriol, in the language of the old chemistry). 
After 1000 strokes of reciprocating motion, each 
4r5 inches in length, the whole of the polishing 
material, with all the matter abraded, was very 
carefully washed off both from the mirror and 
polisher, collected by subsidence, digested with 
nitro-muriatic acid, precipitated and the copper 
taken up by ammonia, and re-precipitated by 
sulphuretted hydrogen. The sulphuret obtained 
weighed 2*6 grs., corresponding to 1*75 grs. of 
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copper, or to 2-33 of abraded metal This 
quantity distributed uniformly over the surface 
would form a coating only 0*0000045, or less than 
a two hundred and twenty thousandth of an inch 
in thickness. 

(94.) The "rouge" in question is sold for the 
use of jewellers, and is an exceedingly sharp and 
cutting material. Lord Eosse prepares it by pre- 
cipitating the sesquioxide of iron from its solution 
by ammonia and igniting. We have found it 
easiest prepared by fusing together, in an earthen 
crucible, sulphate of iron, sulphate of soda, and 
nitre (first fritted together to drive off the water), 
in the proportions 1, 2, 3, and after half an hour's 
ignition, pouring the melted mass into water. The 
salts being thoroughly abstracted by copious 
edulcoration, the finer particles are washed over 
(adding a minute quantity of gum-arabic to the 
water), and subsided for use. When the polisher 
is duly guttered and scarred, a paste or cream of 
this sediment and water is laid on over the whole 
surface with a fine camel-hair brush, and the 
polisher moulded to exact fitting by suffering the 
metal to rest on it (or vice verad) for a few 



140 THE TELESCOPE. 

minutes, shifting its position, however, every five 
or six seconds, and then slowly and cautiously giv- 
ing it a continuous motion over the whole surface. 
% (95.) Mudge's process for giving figure. — The 
earlier artists who occupied themselves with the 
construction of specula, having to deal with metals 
of no great weight, were content to work them by 
hand, the back of the speculum being cemented to 
a wooden block for convenience of handling. The 
process is described with great minuteness by 
Mudge in the Memoir already cited. In the 
beginning of the operation, when fresh from the 
emery grinding, the metal is worked round and 
round upon the polisher, carrying the edge but 
little over that of the latter, and now and then 
interrupting the circular movement with a cross- 
stroke. The effect of this is to drive the pitch 
inwards and force it to accumulate towards the 
centre of the polisher, and in consequence he found 
that in this way of working the polish invariably 
commenced in the centre, and extended itself 
gradually to the circumference of the metaL The 
form being originally perfectly spherical, it is evi- 
dent that the figure thus communicated must 



MUDGE'S PROCESS OF POLISHING. 141 

deviate from that form by a continual and regular 
increase of curvature towards the centre, or, in 
other words, in the direction of that of the parabo- 
loid. This process, then, was continued until the 
polish nearly reacted the edge, when the circular 
motion was exchanged for short straight strokes 
carried across the centre, the operator meanwhile 
walking round the table on which the polisher is 
firmly bedded. The polish thus is extended 
equally over the whole surface, the figure mean- 
while reverting to the sphere. Finally, the polish 
being perfected, which is known by the perfect 
smoothness of the working, recourse is again had 
to the circular motion to restore the parabolic 
figure, which is accomplished in a few minutes, 
but if overpassed, can only be brought back by 
going again over the whole process of working out 
a spherical figure by cross-strokes, and finishing 
by circular ones as before. It does not appear 
how Short worked his admirable specula, but 
Mudge, with whom he was contemporary and in 
habits of communication, considers himself as 
having strong reasons for believing their processes 
identical. 
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(96.) Sir WiUiam HerscheCs processes. — Sir 
William Herschel commenced his labours in this 
department of practical optics, on small metals, by 
hand-working, but this proving impracticable for 
large specula, he was led to the adoption of machi- 
nery, not, however, merely for the advantageous 
application of power, but by reason of the regu- 
larity of movement so attainable. Our limits will 
not permit us to give any account of the innume- 
rable contrivances and experiments, failures and 
successes, by which he was gradually led up to 
the form of machinery and course of procedure in 
which he finally rested, which we shall here 
briefly describe, and whose availability we have 
ourselves repeatedly tested by successful opera- 
tions on three specula of 18f inches in diameter, 
as well as on others of smaller dimensions. 

(97.) In this system of operations the speculum 
is worked (as already stated) face downwards,' by- 
strait, or nearly strait, strokes, on a polisher con- 
structed as described in art. 90, of a diameter veiy 
little larger than the speculum, if circular, or, if 
oval, having the larger diameter in the direction 
of the stroke, and not exceeding that diameter 
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by more than one-fifth. On an average of a great 
number of the most successful experiments with 
specula of all sizes, the proper diameter for a 
circular polisher may be taken at 1*06, and the 
larger and shorter diameter of an oval one at 1*12 
and 0*97, that of the speculum being 1. When 
an oval polisher is used, and retained in a fixed 
position, the gutters must be cut at angles of 
45° with the longer axis, so that the stroke shall 
always cany the metal across, and in no case 
along them. 

(98.) The mechanism is adapted to give the 
following movements to the speculum and the 
polisher — viz., 1st, The stroke, being a reciprocat- 
ing movement by which, acting alone, the centre 
of the speculum would describe a strait, or nearly 
strait line, to and fro in a nearly invariable direc- 
tion. 2dly, The sidermotion, by which the track of 
the centre is shifted laterally at every stroke, or 
every alternate one, through a short interval, so 
as to carry it backwards and forwards by regular 
steps to a certain distance on either side of the 
centre of the polisher. 3dly, The rownd motion of 
the speculum, by which it is turned at each stroke 
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or alternate stroke, through a certain angle on its 
own centre, so as to vary the relative direction of 
the stroke in reference to the speculum all sorts of 
ways; and, 4thly, The rownd motion of the polisher 
(when a circular one is used), by which the gutters 
are presented successively at every angle of obli- 
quity to the direction of the stroke. 

(99.) The polisher being duly anointed with 
the creamy sediment, above described, the specu- 
lum (carefully cleaned) is laid down on it; and a 
« polishing ring," Qf a construction represented in 
fig. 24, is laid upon it. This apparatus consists of, 
1st, A cylindrical outer ring AAA, whose depth is 
such that its lower rim shall not graze the 
polisher when moved across it 2dly, A claw 
BOB, attached to the ring by two pivots bb, and 
having a hole c, to connect it by a pin to the lever 
which communicates the motion. 3dly 9 A flat % 
interior ring of thin iron a a a, not attached to the 
outer ring, but sustained in loose contact with it 
by three pins ddd above, and other three (not 
shewn in the figure) below it, between which it 
can revolve freely in its own plane. This ring 
carries three cocks eee, which rest upon the 
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speculum, and so carry the whole apparatus, whose 
weight is small in comparison with that of the 
speculum, and, if necessary, may be counterpoised. 
By means of the flanges fff projecting down- 
wards, covered with felt, and adjustable by screw- 
pins, the speculum is held concentric, but not 
pinched or constrained, the felt being so adjusted 
as to touch the speculum a little below the middle 
of its thickness. Over the attachments of these 
cocks is screwed a ratchet-ring, by the action of 
an arm on whose notches the interior ring and the 
speculum with it can be carried round on its 
centre, c c are two long springs, of the form 
shewn in the margin e, whose office is to keep the 
arm, or arms, in question up to the ratched edge. 
Lastly, From the exterior ring projects a connect- 
ing-pin G, on which can be hooked a tailpiece for 
communicating the side motion. 

(100.) The mode in which motion is communi- 
cated to this apparatus is shewn in fig. 25. The 
loop c of the polishing claw is pinned on a fixed 
point of the lever ab, movable to and fro by force 
applied at A, round a firm centre b. This would 
carry the centre of the speculum to and fro over 
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the same space which c describes, which is the 
* length of the stroke," and can be measured on a 
scale by a traversing point projecting beneath the 
lever. To prevent the centre from wandering, a 
tail-piece gh is looped on to G, either working at 




Pig. 25. 



the other end H, on a fixed centre F, or on a stud- 
joint in a lever HP, which gives the " szdwaotion" 
in a manner presently to be described. By proper 
adjustment of the length of the arm gh, h being on 
the side of cg, opposite to B, it is evident that a 
very nearly rectilinear motion in any one stroke 
will be given to the centre of the speculum. 

(101.) The round motion is given to t'»e 



148 THE TELESCOPE. 

speculum by two arms dl and dk; the one a 
pushing, the other a pulling one, acting on the 
ratchet-wheel by claws at the ends, being lightly 
held against it by the springs cc (fig. 24). The 
other ends of these arms work on a pin D, at- 
tached to the lever at a distance from b, the 
centre of motion, less than BC, so that in the 
reciprocating mbtion of the lever, D traverses a 
less space than c, and the difference of motion 
causes the claws at K and L to work along the 
ratchet, and turn the mirror round, with the whole 
interior ring, on its centre, through an arc deter- 
mined by the number of teeth of the ratchet 
brought into action at each stroke. The round 
motion of the polisher, when a rotating polisher is 
used, is similarly communicated by placing it on a 
bed, revolving horizontally on rollers on a solid 
metal ring, consisting of a flat circular iron plate, 
ratched at its circumference the contrary way of 
the speculum's round motion, and worked round 
by two claws attached at E to a pin at the under 
side of the lever, and pressed home by springs 
against the ratchet in the same manner. This is 
not' shewn in the figure, to avoid confusion. The 
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angular amount of both these rotations can be 
varied within pretty extensive limits, by shifting 
the pins de which attach the arms to the lever 
into one or other of a series of holes arranged 
along it 

(102.) A similar arm, attached to a pin at I, 
gives its impulse to the side motion, by acting on 
a ratchet-wheel N, carrying an arm om ; but as it 
is necessary that the tail-piece gh, and the lever 
arm bc, should be on contrary sides of the line of 
stroke, the revolving motion of the crank-arm om 
is communicated by a rod mq acting on the 
opposite arm of the lever fh, and thus gives a 
reciprocating motion to h, and therefore to G, at 
right-angles to the line of stroke. The extent of 
the side motion is varied ad libitum by altering 
either the length of the crank-arm om, or of the 
lever-arm fh, or both. 

(103.) All these movements, then, are com- 
pletely under command, and adjustable in their 
relative extent The stroke, too, or the side 
motion, if needed, may be made eccentric, or non- 
symmetrical, with respect to the polisher, by 
varying its situation, or that of the pin c, or the 
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length of the arm gh. Every change in these 
dispositions is found, as a result of experience, to 
have its peculiar influence on the figure ; and by 
a long induction from innumerable experiments 
(all minutely recorded), Sir W. Herschel was 
enabled to communicate at pleasure an elliptic, 
parabolic, or hyperbolic form to his specula* or to 
change any one of these forms into any other. 
The length of the stroke, and the extent of the 
side motion, would seem to be the most influential 
elements ; and a similar average, from the record 
of the same experiments as those employed in 
deducing the averages of art 97, assigns 0*47 for a 
good working length of stroke on a round polisher, 
without side motion, and 0*29 stroke, and 0*19 
total amount of side motion (from side to side) 
with it, as good average adjustments, the diameter 
of the speculum being 1. In our own personal 
experience, however, an oval polisher, fixed in 
position, and guttered at 45° to the axis, has given 
results so satisfactory, at least for specula of 18f 
inches, as to lead us to rest in that construction, 
which is of simpler mechanism. The round 
motion of the speculum corresponding to the other 
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adjustments above set 
down, taking an average 
of the same series of 
experiments, is, wiQwut 
side motion once 
round in 61 strokes ; f 
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and withy once in 114 
(104.) Lord Rosses 
process. — Lord Bosses 
system of polishing is also 
one of strait strokes, with 
a side motion and a rota- 
tory motion, both of the 
speculum and of the 
polisher ; the latter spon- 
taneous (being produced 
by the Motion of the 
speculum on it) ; the 
former under control, and 
produced by a special 
arrangement for that pur- 
pose. His machine is 
shewn insectioninfig. ^ — 



■J-::- 



in which A is a' 



Fig. 2ti 
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shaft connected with a steam-engine, or other source 
of power; b an excentric, adjustable by a screw- 
bolt to any given length of stroke, from to 18 
inches; c a joint; d a guide; ep a cistern for 
water, in which the speculum revolves, and 
which is maintained at a temperature of 55° Fahr., 
the hardness of the resinous coating of the polisher 
being adjusted to that temperature ; G is another 
excentric, adjustable, like the first, to any length 
of stroke, from to 18 inches. The bar dg passes 
through a slit, and therefore the pin at G necessarily 
turns on its axis in the same time as the excentric ; 
hi is the speculum in its box, immersed in water 
to within an inch of its surface; and kl the 
polisher, which is of cast-iron, and weighs (for a 
36-inch speculum, to which also the other dimen- 
sions above specified correspond) about 2£ cwt.; 
m is a round disc of wood connected with the 
polisher by strings hooked to it in six places, each 
two-thirds of the radius from the centre. At M 
there is a swivel and hook, to which a rope is 
attached, connecting the disc with a lever and 
counterpoise weight, so adjusted as to sustain the 
whole weight of the polisher, all but 10 lbs., which 
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is therefore the amount of pressure upon seven 
square feet of surface, or 1 '43 lbs. on each square 
foot The bar dg (seen here in section, but in 
fact opening into a ring) fits the polisher nicely, 
but without tightness, so that the polisher turns 
freely round, usually about once for every 15 or 20 
revolutions of the speculum, and it is prevented by , 
four guards from accidentally touching the specu- 
lum, and from pressing upon the polisher by the 
guides through which its extremities pass. The 
wheel b makes, when polishing a three-feet specu- 
lum, 16 revolutions per minute; but for smaller 
sizes the velocity is increased by changing the 
pulley on the shaft a; for larger, diminished. 
For a six-feet speculum 8 strokes per minute was 
found to be a proper velocity. The length of the 
primary stroke, or that given by the crank-move- 
ment b, is one-third the diameter of the speculum, 
that of the excentric G (or the side motion) one- 
fifth that diameter, from side to side, and variable 
according to the ratio of the diameter to the focal 
length. The period of rotation of G is once round 
in 15 strokes, while the speculum is made to 
revolve on its centre by means of the vertical axle 
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N, which supports it, in 26 strokes. These adjust- 
ments have been found by Lord Kosse to command 
a good parabolic figure. 

(105.) During the act of polishing, the speculum 
is supported in its box on the very same system 
of triangular plates and levers, which constitute its 
bed when in use. In fact, these supports are 
never removed, and the metal is transported on 
them in a horizontal position from the polishing 
apparatus to the telescope in the very same state 
of equilibration as when polidhing. So sensitive 
has Lord Bosse found even the largest and most 
solidly constructed specula to any deviation in this 
respect, that the mere act of lifting them off their 
supports has produced a permanent alteration of 
figure, a result certainly which could not have 
been expected with so highly elastic a material. 

(106.) The best and most satisfactory test of 
the perfect figure of a speculum, is its optical peiv 
formance under favourable atmospheric conditions. 
When the spurious disc of a single star (or both 
those of a very close double one) is seen under a 
high magnifier, perfectly round and neatly defined, 
without rays or diffused light (other than the 
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coloured rings due to diffraction, and which, when 
the apertures are very large, are much less offen- 
sively developed than in small telescopes); and 
when, too, on throwing the telescope out of focus, 
first one way and then the other, the area of the 
circle into which the image is dilated presents a 
similar distribution of light (proceeding from the 
centre outwards) on either side of the focus, the 
foci of all the annuli into which the speculum can 
be supposed divided cannot but coincide; and 
should any difference exist, the several annuli may 
be tested separately by covering the speculum, or 
the aperture of the telescope, by a circular screen, 
out of which is cut an annular opening corres- 
ponding to the area to be examined If, on so 
dividing the area of the speculum into three or 
more annuli, and a central circle, the central, 
middle, and outer portions are found to agree in 
giving the same precise focal length under a high 
magnifier, the mirror may be pronounced perfect, 
so far as its figure is concerned. Another test, 
which can be applied without waiting for oppor- 
tunities of weather, consists in the dial-plate of a 
watch, or a very white card, with clear small 
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printed characters on it, fixed at a great distance, 
which should be seen with equal distinctness for 
all the annuli, without altering the focus, or rather, 
which should all give the same focus when thrown 
out of focus and restored. M. Foucault employs a 
peculiar method, different from either, which will 
be described presently. 

(107.) Mr. LasselVs process. — Mr. LasselPs sys- 
tem of polishing depends entirely on circular 
movements, and the combination of such; in 
virtue of which, every point of the polisher (in 
this system, as in Lord Eosse's, lying on the 
speculum) would, if not allowed to rotate on its 
own axis, describe in reference to the speculum 
an epicycloidal or hypocycloidal curve, alike for 
every point in the surface ; but when allowed, 
or obliged so to rotate, a curve which, for the 
central point of the polisher only, is such an 
epi- or hypocycloid, and for any other point one 
of a higher order, and not the same for every 
point in the surface. The mode in which this 
is accomplished will be readily understood from 
the annexed fig. (27),* in which a is the 
* From the Transactions of the Royal Astron. Soc, 1849. 
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Fig. 27. 
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speculum resting on its lever-supports (one of 
Ich is seen at .) in a cistern of water ™f™»* 
at a proper temperature (of not sufficient depth to 
cover the surface). This cistern is not shewn in 
the figure. It is carried (with the speculum) con- 
centrically, on a wheel c, which revolves on a 
vertical axle D, being driven by a worm . actog 
on an oblique -toothed edge, and turned by a 
spindle > with adjustable grooves, and a cross- 
band G communicating with an upper similar 
spindle H, in immediate connection by a strap and 
gearing-wheel n with the moving power. Thus 
the speculum is maintained in slow and smooth 
rotation. On it rests the polisher J, of light ma- 
terial, as already described (art 90), to which 
motion is communicated by a pin at its centre, 
which, in Mr. LasselTs original construction, is not 
fixed into the polisher, but merely enters loosely a 
hole or cup in its centre, so that the area of the 
polisher is carried bodily about over the surface 
by this pin, while it is thrown into rotation on its 
centre by the difference of friction on its different 
parts, arising from differences both of relative 
velocity and of adhesion. To this movement we 
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shall presently have occasion to return. Mean- 
while the centre-pin is carried round in a hypocy- 
cloid by the following mechanism. 

(108.) The spindle-head H turns a worm K, 
similar to E, and acting on the oblique-toothed 
wheel L, similar and equal to c, and having its 
axle m, in the prolongation, in a right line with 
the axle D, though not continuous with it. This 
axle passes down through the horizontal arm N, 
and through the centre of a toothed wheel o, fixed 
on and making a part of that arm. The prolonga- 
tion of the axle o carries, attached to, and revolv- 
ing with it, 1st, a broad vertical iron arm pp, 
which is hollowed at its farther extremity, so as to 
allow the passage of another vertical axis, which 
it carries round with it, and which is itself thrown 
into more rapid rotation, in the same direction, by 
the pinion Q, at its upper extremity, which gears 
into the teeth of the fixed wheel o ; 2dly, a sector 
s, a portion of a circle concentric with the move- 
able axle p, hollow and grooved internally, so as 
to allow a pinion T, projecting beneath it, to re- 
volve on an axis, adjustable to any place in the 
groove, and this pinion being kept always in gear 
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with the wheel B, is thrown into yet more rapid 
rotation in a contrary direction. Finally, to the 
under side of this pinion is attached another 
hollow and grooved crank-arm v, in which the 
pin that works the polisher can be fixed at any 
distance from the axis of T within the limits of its 
length. By this mechanism it is evident that the 
pin will be carried circularly round a point which 
is itself maintained in circular motion. The 
polisher is fed from time to time with water, as it 
grows dry by evaporation, from the exposed edge 
of the speculum, through holes, as seen in the 
figure. The speculum can be made to revolve the 
same, or the opposite way, to the rotation of the 
polishing pin, by crossing or uncrossing the end- 
less band G, and its relative angular velocity can 
be varied by shifting this band from groove to 
groove of the spindle-heads AH. 

(109.) Such is Mr. LasselPs mechanism in its 
original and simplest form. It needs little consi- 
deration to see the advantages it offers over the vi- 
bratory system. All the movements are continuous 
and perfectly smooth. The speculum and polisher 
are never allowed to come for a moment to rela- 
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tive rest, which, even with crank movements, ,is 
unavoidable in the vibratory system, at the end 
of each stroke, by reason of the play of the parts, 
and thus not only shocks, but the unsettling of 
the particles of the polishing powder, and ruffling 
the surface of the pitch, are completely obviated. 
What may be the influence of these latter causes 
will be rendered apparent by a phenomenon which 
presented itself on one occasion to ourselves, in 
polishing by straight reciprocating strokes a specu- 
lum of 6 inches in diameter. On taking it off 
the polish was brilliant, but however carefully 
wiped and cleaned, it seemed to have impressed 
upon it an image of all the grooves of the polisher, 
which, on minute microscopic inspection, was 
found to be owing to the existence of innumerable 
almost infinitesimally fine hair-lines, traceable to 
an abrupt termination in a little crook, at one end, 
but thinning off into nothing at the other. These 
evidently arose from polishing particles freshly 
brought into action, with a slight fluttering motion 
at the commencement of the stroke. But what 
was very singular, and not so easily accounted for, 
they seemed distributed over the- surface quite 

M 
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casually, nor could the least tendency to a crossing 
linear arrangement of their terminations in any 
fixed situation be detected. In fact, the appear- 
ance of squares vanished on near inspection, and 
was only seen when the eye was withdrawn and 
the mirror inclined, when they appeared rather 
as an optical image in the air, at some undefined 
distance, than as if traced on the metal; and that 
this was really their character was proved on 
varying the inclination of the metal, when they 
dilated and contracted in apparent size, shifting at 
the same time their places on the surface, and 
undergoing to a certain extent a change from 
square to rhomboidal forms.* 

(110.) The radii of the first and second ex- 
centric cranks (s and v), which have been found 
by Mr. Lassell to give satisfactory results under 
this arrangement, for a speculum of 24 inches 
aperture and 20 feet focal length, are, for the first 
excentric, s, 1*7 in. ( = s); for the second, v, 1-4 
in. ( = Q)f, in that of a 10-inch speculum of 80 in. 

* This strange phenomenon has only once presented itself in 
the course of our experience. Mr. Delarue informs us that a 
similar one has also occurred in his own. 

f Q in Mr. Lassell's notation. 
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focus, s = l-4 in., Q = 0'9; and for the last-men- 
tioned aperture, and 110 in. focus, s = 0'8 in., q 
= 0-7 in. The diameter of the polisher to that of 
the metal may be taken as 92 to 100. The 
rapidity of movement may be such that the 
second excentric shall make about thirty-four 
revolutions per minute. 

(111.) Subsequent improvements. — The exact 
symmetry of the epicycloidal curves about the 
centre in this machinery was found by Mr. Las- 
sell to produce a tendency to bring on the polish, 
not uniformly over the whole surface, but in rings, 
gradually enlarging, till the polish became perfect 
in every part This of course must be attended 
with some corresponding irregularity of figure, and 
to obviate it, he was led to deviate in some 
measure from the rigorous application of circular 
movement, so far as to displace the centre of the 
speculum under the polisher backwards and for- 
wards, through a certain interval, and thus, by 
varying continually the incidence of this tendency, 
to destroy its effect on the polish and figure. The 
mechanism by which he succeeded in accomplish- 
ing this (and which in principle is the same as the 
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introduction of a side-motion in the vibratory sys- 
tem) is as follows: — The speculum, instead of 
resting immediately on the upper surface of the 
vertical axle (d, fig. 27), Teposes on an iron-plate 
a (fig. 28), as seen in section and in plan, which, 




Fig. 28. 

by three holes ccc, drops on three studs screwed 
into the upper surface of the wheel c. On this 
rests the plate J, fitting so as to slide easily be* 
tween the raised sides of a, and carrying the trian- 
gular lever supports on which the speculum lies. 
d is a roller in a frame projecting from the wall 
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plate w (fig. 27), which, as the axle D revolves, 
comes in contact with the obliquely-curved ends 
of the plate 6, each once in a revolution, and forces 
it (the roller being itself immovable) to slide 
between the flanches smoothly and regularly, pro- 
ducing the effect of a correcting cross-stroke amid 
all the circular ones, and annihilating all ringlike 
tendency. An inch and a half, or two inches, of 
lateral thrust, so produced, suffices for a two-feet 
speculum. The improvement of figure, and the 
certainty of success in the operation, resulting 
from this contrivance, is described by Mr. Lassell 
as very striking. 

(112.) Mr. Delarue, observing that in this 
arrangement the rectilinear motion given to the 
speculum takes place always along the same 
diameter of its area, with an effect injurious to 
distinctness, has recourse to a mode of obviating 
this inconvenience, which may be easily undeiv 
stood without an additional figure, by conceiving 
the mirror not to rest directly on the movable 
plate b (fig. 28), but on a circular iron-plate inter- 
posed, capable of revolving on the pivot d in its 
centre, and carrying on its upper surface the three 
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triangular lever supports. The edge of this plate 
is grooved, to admit an endless catgut band, 
passing over two pulleys connected together, 
attached to a vertical jointed arm, so as to allow 
them to move to and fro in the direction of the 
central displacement, thus retaining always the 
same distance from the circumference of the wheeL 
The band is led over these pulleys, and two other 
fixed pulleys below them, to a small grooved wheel 
fixed on the spindle d below, and is kept tight 
by a heavy weight applied to pull outwards the 
arm carrying the pulleys. Thus, a very slow 
relative motion of rotation is given to the specu- 
lum round the pivot d, in the contrary direction to 
that in which the plate b itself is carried round, 
and the diameter, which is parallel to its sides, or 
in the direction of the arrow, is constantly shifted. 
(113.) Another and final improvement intro- 
duced by Mr. Delarue is destined to obviate the 
irregularity of rotation of the polisher on its 
centre-pin, which, it will be recollected (art. 107), 
is produced in Mr. LasselTs apparatus by the 
mutual reaction of the speculum and polisher, and 
is therefore apt to vary much in speed, or even to 
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go by starts. In Mr. Delarue's mechanism, the 
pin which drives the polisher, though loosely 
fitting (not to constrain its even bearing), is not 
round but hexagonal, so that the polisher quoad 
rotation is commanded by the pin. But this, were 
the pin merely that marked v in fig. 27, would 
oblige the polisher to rotate in precise conformity 
with the angular velocity of v on its axis, which 
would be much too swift Mr. Delarue, therefore, 
substitutes for Mr. LasselTs lowermost crank v, 
which carries the polishing pin, another crank of a 
more complex construction, carrying a train of 
wheels very similar in their arrangement, and set 
in motion on the same principle as the upper train 
OQRT. The axle of the pinion T is hollow, and is 
penetrated by an internal spindle, not partaking of 
its motion, but held firm by the clamp which fixes 
the place of the pinion in the sector s. To the 
lower end of this spindle is keyed fast a wheel of 
fifty-two teeth, which performs as a (relatively) 
fixed wheel the same office as the upper fixed 
wheel O. On this spindle revolves the crank which 
supplies the place of v, and which goes along with 
the pinion T. This crank consists of a triangular 
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iron frame, composed of two parallel plates, kept 
asunder by pins, which serves to cany the axles 
of a train of wheels, 
whose action will 
be best understood 
by the diagram, fig. 
29, a, where T isd| 
the pinion carrying 
round the frame- 
work and its wheels around the fixed wheel a, which 
gears into another & of an equal number of teeth, 
and which carries on the same axle another similar 
c gearing again into another similar d, which 
carries the polishing pin z. By this mechanism 
the wheels 6 c, -^ 

which may be d 

considered as 
one, being car- 
ried round the ' 
fixed wheel a, 
revolve in the 
same direction as that rotation (see fig. 29, 6), while 
the third d revolves relatively in the opposite ; 
the ultimate effect being that the wheel d absolutely 




Fig. 29, b. 
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does not revolve at ail relatively to the wheel a, 
but keeps one of its diameters (as marked by the 
arrow) always parallel to the corresponding dia- 
meter of a. If the reader find this difficult to 
conceive, let him lay down three shillings on a 
table, working together by their milled edges, 
and holding one (a) tight down, carry the other 
(d) lightly round by the gentle pressure of the 
finger. If the heads on a d be placed parallel 
at first, they will always remain so, while that 
on b revolves twice round for each rotation of b 
round a. 

(114.) The polisher then carried by d will 
therefore, under this arrangement, rotate only so 
fast as the wheel a rotates by the motion of the 
crank-arm, pp. If the wheels a (be) d 9 instead of 
having the same, have different numbers of teeth, 
thus (a, 52; b, 52; c, 54; d, 50), even this rotation 
will be modified and made to approximate to that 
which the polisher takes up on an average when 
left uncontrolled. And when the numbers are 52, 
52, 51, 53 (which are the numbers found most 
advantageous by Mr. Delarue), the result is a move- 
ment of the point in the periphery of the polisher, 
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in an epicycloid of thirty-four loops for seven rota- 
tions. 

(115.) There is only one particularity in this 
contrivance yet unnoticed The situation of the 
centres of the wheels a (6 c) d need not be in a 
right line. The axle of d is therefore made move- 
able round b by fixing it in an arm (part of the 
crank frame), movable on the axis of be, as its 
centre, so as to vary the interval between the 
centres of a and d from nil up to a certain maxi- 
mum, and thus to make the centre of the polisher 
revolve in a circle of any size from nil up to that 
maximum. It is fixed in any desired position by 
a clamping-screw, pinning it in a slot or narrow 
circular guiding slit in the upper plate e (fig. 29, 
a) of the crank-frame. 

(116.) Such is Mr. Delarue's mechanism, which 
has afforded very admirable results in the production 
of specula 1 3 inches in aperture and 10 feet focal 
length, the perfection of which is enhanced by his 
practice of bestowing the same care and precision 
on every step of the figuring of the speculum, 
from the grinding, the smoothing on a bed of 
hones, or rather a slab of slate cut into squares, 



MR. DELABUE'S IMPROVEMENTS. 171 

carefully brought to the same figure; and to the 
figuring of the polisher itself, which, being thus 
previously rendered almost perfect, the speculum 
is saved the rough work of having to figure the 
polisher for itself on every occasion of repolishing. 
For this part of his system of working he acknow- 
ledges his obligations to Mr. Nasmyth, who has 
also engaged with much success in these delicate 
operations. 

(117.) The combination of the epicycloidal 
movement of the polisher specified in art. 112, 
with the movements of the speculum itself, 
described in arts. 109, 110, gives rise to a relative 
epicycloidal movement of much complexity, and 
of which the general character is that of a near 
approach to rectilinearity in the circumferential 
regions of the speculum, over a considerable part 
of each stroke, with a short and highly curved 
loop at each extremity. Thus the general charac- 
ter of this system of polishing may be described 
as a blending of the rectilinear and circulating 
form of stroke, regulated to perfect smoothness 
and evenness of distribution, according to a regu- 
lar law, over the whole surface. Nor does there 
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seem the slightest ground for doubting its appli- 
cability to specula of any size. 

(118.) These improvements, or their equiva- 
lents, have been adopted by Mr. Lassell, who, 
however, limits the rotation of the polisher to a 
slow uniform movement round its axis, at the rate 
(for a 24-inch speculum of 20 feet focus) of one 
revolution to every thirty revolutions of the pinion 
T (fig. 27), corresponding to which he assigns for 
the excentricity of that pinion upon the sector s, 
s = 1*50 in. ; for that of the polishing pin upon the 
crank v, q = T00 in.; for the semi-thrust of the 
speculum itself, 1*52; for the diameter of the 
polisher, 23J to 24 inches, and for its weight 16 
or 18 lb.; the working speed being such that the 
pinion T makes seventeen revolutions per minute. 
With these adjustments he considers success in 
giving a true parabolic form certain, and the 
efficacy of a change in any of them so distinctly 
ascertained, and the whole process so entirely 
under control, that taking four nine-inch specula 
a,b,c,d, all sensibly perfect even in the opinion of 
a competent judge, he would engage to take a,b, 
and c successively to the machine, and communi- 
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cate to A a sensibly elliptical figure (having the 
focus for central rays shorter than for marginal 
ones), to B a figure sensibly hyperbolic (affected 
with the opposite error), while c should come off 
apparently unaltered, as compared with the un- 
touched one D, and all should give round images 
of stars when in focus, and the penumbra when 
out round and symmetrical 

(119.) Mr. OrvbVs mechanism. — Mr. Grubb, of 
Dublin, has also devised aveiy ingenious mechanism 
for figuring and polishing reflectors, which equally 
secures the regular rotation of the polisher on its 
axis, and which the reader will find described and 
figured in Nichol's Physical Sciences, art Speculum, 
from the learned pen of Dr. Eobinson. 

(120.) M. FoucatUfs processes. — M. Foucault, in 
working the parabolic surfaces of his glass reflec- 
tors for silvering (art. 76), after attaining a good 
spherical figure in the first instance by grinding to 
a fine and considerably reflective surface, discards 
all further mechanical appliances for its conversion 
to a parabolic curve by a system of regulated 
movement, and works by hand-abrading; by 
gradually polishing off, with tools and polishing 
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materials of fitting delicacy, the difference in sub- 
stance between a spherical and parabolic segment 
of equal focus (which, as we have seen, art. 56, 
pmounts in a 4-feet speculum of 48-feet focus, to 
less than a 21,000th part of an inch in thickness, 
even at the extreme edge). To enable him to 
execute such a manipulation with certainty, it is 
necessary to have at every instant a test of the state 
of the surface infinitely more delicate than can be 
afforded by any mechanical means of measure- 
ment; and this he finds in the following optical 
processes, by which every, even the smallest* 
irregularity of level in the surface, and eveiy, the 
minutest, deviation from its proper inclination to 
the axis, is made glaringly conspicuous. (As to 
the process of hand-abrasion, it is analogous to 
that by which a truly plane form is given to 
extensive steel surfaces in engine work, where the 
prominences are reduced, not by grinding the 
whole of one plane surface against another, but by 
a series of local abrasions, tested from instant to 
instant by contact with a fiducial plane.) 

(121.) M. Foucaultfs first procedure for the 
detection of irregularities of figure is to place very 
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near to the centre of curvature a minute object, as 
the point of a pin. The image of this will be 
formed of the same size, and very near to the 
object itself — side by side, for instance, and can 
thus be compared microscopically with the object, 
and thus an approximate judgment of the figure 
can be formed. As a still nicer test, he places an 
object, having parallel sides (such as the edge of a 
thin piece of steel, about Ath of an inch thick), 
near the centre of curvature, being enlightened 
from the side opposite the mirror. Its image then 
is seen dark on a bright ground, and if viewed 
with the naked eye at the distance of distinct 
vision, each of its parts is seen by rays converging 
only from a small portion of the surface of the 
mirror, the others passing beside the pupil I£ 
then, the curvature be not uniform, or offer irregu- 
lar gradations, the edge will appear distorted; con- 
tractions and dilatations will appear — each indi- 
cative of a corresponding more or less abrupt 
change of curvature. Finally, and still more deli- 
cately, a thin piece of metal, pierced with a small 
hole of about -afoth of an inch in diameter, illu- 
minated with artificial light, is placed within the 
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centre of curvature, the rays diverging through 
which come back and form an image situated a 
little beyond that centre. By placing the eye in 
the cone of rays which, having formed this image, 
diverge anew, and bringing it gradually almost close 
to the image, the whole pencil is received, and the 
whole surface of the jnetal is seen illuminated. 
If, now, an opaque, rectilinear edge be brought 
near the image of the hole, and be made to infringe 
on it by degrees, the mirror will also by degrees 
lose its brilliancy, and when all the light is about 
disappearing, the whole of the irregularities of the 
surface of the metal will be plainly seen. Suppose, 
for instance, the surface a perfect sphere, then the 
very last indivisible point of the image will be 
formed by rays coming from the whole surface of 
the metal, and this, though feebly, will appear 
uniformly illuminated. Quite otherwise, if irre- 
gular. Some portions will send rays which ought 
to go to form this point aside of it. These will not 
enter the eye, and those portions of the surface will 
appear dark; viceversd, other portions will appear 
unduly illuminated, as sending to the eye rays 
which do not properly belong to them, and which 
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emanate from other parts of the hole. The missing 
rays will leave on their corresponding places on 
the speculum a deficiency of light, and the accu- 
mulated ones will produce an increased intensity 
in others, and the result is to produce the appear- 
ance of valleys and hills, by a kind of chiaro~dbscuro 
effect* in which all the inequalities of surface 
become enormously exaggerated, and are seen as 
real elevations and depressions. Thus a surface 
can be judged of in a few seconds, and, when 
defective, the faults are known immediately with 
great precision. 

(122.) M. Foucault sets out from a good 
spherical surface, and, by polishing off the exterior 
zones in a ratio increasing from the centre, renders 
it elliptic. The regularity of this ellipse (if we 
rightly understand his process) is then tested, just 
as that of a spherical surface would be, the illumi- 
nated object or minute hole being placed in the 
farther focus of the ellipse, and its image being 
formed in the nearer, all the other steps in the 
process remaining the sama Thus the more 
distant focus is by degrees carried farther and 
farther away, till so near an approximation to the 

N 
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parabolic form is certainly attained, that a very 
slight continuation of a similar process in the same 
direction finishes the work.* 

(123.) It is no small recommendation of this 
mode of optical examination of the surface, that 
by it the real defects of configuration can perfectly 
well be distinguished from those accidents which 
temporarily divert the rays from their strict geo- 
metrical paths, from flexure in the mirror itself, 
and even from undulations in the air above it, or 
in the tube of a telescope, which seem to pass like 
waves over the surface. Whoever has viewed the 
coloured fringes seen when a prism is pressed 
against a plane glass within the coloured arc fix- 
ing the limit of total reflection, and seen them 
undulate under a trifling pressure, disfiguring the 
surface, will easily appretiate the delicacy thus 
attainable. 

Mountings of Telescopes. 
(124.) Our limits will allow us to say little as 

* If, in this 'account, we have done injustice to any part of 
M. Foucault's mode of procedure, we can only urge in excuse 
that his account of it (Not. Ast. Soe, t six. 284) is in some parts 
quite unintelligible, p. 286, lines 9, 10, 11, for instance. 
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to the modes of mounting telescopes. For astro- 
nomical purposes of precision, where the object is 
to determine the places of celestial objects with 
exactness, or for geodesical uses, the tube of the 
telescope is part and parcel of the graduated 
apparatus, and strictly limited as to its connection 
with it Portable stands for merely viewing 
objects, are either tripod stands, in which a 
vertical axis revolves within the upright shaft, and 
carries the telescope on an elbow-joint, allowing a 
movement in a vertical plane, thus constituting a 
movable "alt-azimuth* mounting; or framework 
of wood, on which one or both ends of the tube 
can be elevated or depressed, and a certain limited 
horizontal movement given by a screw. Such are 
usually provided with a "finder," or small tele- 
scope, with a large field of view, and low magnifying 
power, provided with a cross-wire in the focus of 
the eye-glass, by whose aid an object, first seen by 
the naked eye, or otherwise found by a u sweeping 
motion," and brought by the movements of the tele- 
scope (to which it is fixed) to coincidence with the 
cross, shall then be found (by previous adjustment 
to parallelism) in the centre of the field of view. 
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(125.) Alt-azimuth Mounting. — Large reflectors 
are often (as in Sir William HerscheTs construc- 
tions) mounted alt-azimuthally on wooden .scaf- 
foldings or frameworks, formed by an octagonal 
foundation frame, with strong beams in front and 
behind, braced together and connected with radii 
running up to a central pin, on which the whole 
revolves on rollers, on a ring or railway, firmly 
based on brickwork or timber. The front and 
back beams carry two pairs of ladders, one at each 
end, inclined to and resting against each other, and 
carrying between them, at their summits, a strong 
suspension-beam, from which, by a tackle of pulleys, 
the upper end of the tube is suspended. The 
lower rests on rollers, running to and fro on a rail, 
bedded on the radii of the foundation-frame, and 
can be advanced or driven back by appropriate 
mechanism. The rope which passes through the 
pulleys has one of its ends connected with a laige 
barrel by which (the other end remaining fixed) 
the tube can be elevated or depressed through 
great differences of altitude ; the other, with a 
smaller barrel, worked by a finer and slower 
mechanism, to command lesser differences. (And 
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we will here pause to notice the exceeding steadi- 
ness and absence of tremor (even in windy weather 
in the open air) which is secured by this mode of 
suspension, the several rope-lengths intermediate 
between the pulley-blocks (four, six, eight or more 
of each) being not all of equal • length, and 
(from the effect of friction and stickage) far 
from having equal tensions, so that their vibra- 
tions, not being isochronous, contradict and anni- 
hilate each other.) The two ends of the upper 
suspension-beam are held firm in their places by 
stays springing from the lateral angles of the 
revolving foundation-frame,* and the whole struc- 
ture is studiously so designed in the disposition of 
its parts as to avoid rectangular and rhombic 
frame-work, and constitute an assemblage of tri- 
angles^ so as to secure the maximum of stiffness 
by the avoidance of any play of parts, being, in 
fact, so far an anticipation of Seppings' principle of 

* These are wanting in stands of Mr. Ramage's construction, 
to the great detriment of its stability. 

f This refers chiefly to the mounting of Sir W. Herschers 
telescopes of 20 and 25 feet focus. In the foundation-frame of 
the 40-feet reflector this could not be carried oat in all the upper 
works. 
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diagonal bracing ; as the form given to the strength- 
ening rings (of sheet-iron bent to an angle), 
applied within the sheet-iron tube of the largest 
of these structures, was of the principle of cor- 
rugated iron-plates, since adopted so laigely in 
roofing. 

(126.) Eeflectors of the veiy laigest size, how- 
ever, are chiefly used as meridian instruments, and 
this dispenses with the necessity of much of the 
above-described mechanism. Lord Eosse's 6-feet 
reflector is suspended between two lofty meridional 
walls of solid masomy, between which its upper end 
is allowed a considerable amount of lateral motion, 
so as to admit of taking up the view of a celestial 
object considerably before its arrival on the meri- 
dian and following it considerably after without 
displacing the lower end. One of the most 
elegant of Lord Eosse's mechanical contrivances, 
is his mode of counter-balancing the weight of the 
tube of a telescope, which is seized by its centre of 
gravity and all but swung, so as to press lightly 
both on its lower end, where it rests on the 
supporting bed, and on its upper suspension, 
thus allowing the greatest freedom and facility of 
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vertical movement, and that equally in whatever 
position it may happen to be placed. 

(127.) The equatorial form of mounting tele- 
scopes, however, for general astronomical purposes, 
is gradually superseding every other. Previous to 
the vast improvements which modern engineering 
has effected in every description of iron machinery 
on a great scale, this mode of mounting was con- 
sidered applicable only to light telescopes, such as 
refractors, of what would now be considered trifling 
dimensions. The general principle of this mode 
of mounting is easily understood An axis paral- 
lel to that of the earth, or pointing to the sidereal 
pole, and therefore, at any particular place, having 
a fixed situation, is traversed by another axis at 
right angles to it, which carries the telescope. In 
whatever position the telescope may be placed by 
its rotation on the latter axis, if this position be 
maintained while the polar axis is made to revolve, 
the direction of the telescope will sweep out on 
the sphere of the heavens a circle parallel to the 
equinoctial, or a " parallel of declination." On the 
other hand, if the polar axis be prevented from 
revolving, and the telescope be turned round on 
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the axis perpendicular to it, it will sweep along a 
meridian circle, or a "declination circle," i.e., one 
at right angles to the equinoctial Therefore, if 
once set on a celestial object, which is carried 
round by the earth's diurnal motion, in order to 
follow it, it will suffice (if the small effect of 
refraction be left out of consideration) to turn the 
whole instrument round uniformly on the polar 
axis — that is to say, by a single movement; 
whereas, in every other construction two move- 
ments, in two planes, at right angles to each other, 
are requisite. This movement may be given either 
by hand, by means of a handle and Hook's joint 
moving a tangent screw, working into an oblique- 
toothed circle, fixed on the polar axis, or (accord- 
ing to a method first introduced by the German 
opticians, Fraunhofer and Utzschneider) by a 
clock-work movement, regulated so as exactly to 
keep pace with the apparent diurnal movement of 
the heavens. (Of this more presently.) The ad- 
vantages of this construction, as adapted to finding, 
viewing, measuring, or photographing celestial ob- 
jects are immense. For, 1st, by means of two 
graduated circles fixed, the one on the lower end 
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of the polar axis, the other on the "declination 
axis," perpendicular to and carried round with it, the 
telescope may be a set" (or adjusted in direction), 
by the aid of a clock shewing sidereal time, upon 
any star or other object whose right ascension and 
declination are known, with the certainty of finding 
it in the middle of the field of view at any instant ; 
and, 2dly (the clock movement being then thrown 
into gear), it may be kept there, without any per- 
sonal aid on the observer's part, thus leaving both 
his hands and his whole attention at liberty to 
execute any micrometrical measurements he may 
have occasion to make, the object appearing all the 
while at rest relatively to the system of wires, &c, 
to which he may be referring it. 

(128.) Two systems of equatorial mounting are 
in use, one, which may be called the English 
system, having been practised by the English 
opticians (while the optician's art might be con- 
sidered almost exclusively an English one), in 
which the polar axis was supported at its two 
extreme ends, the telescope, with the whole weight 
of the declination circle, &c, being supported on it 
between them; the other, if not first introduced, 
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at all events almost generally adopted by the Ger- 
man artists, and which may therefore not impro- 
perly be termed the German mounting, in which a 
short polar axis revolving between two strong sus- 
taining collars, but projecting at its upper extre- 
mity beyond them, carries, on the portion so 
projecting, and supported only by its stiflhess, the 
telescope and its appendages. Both constructions 
have their advantages and disadvantages. Beau- 
tiful examples of the English construction, as 
adapted to large achromatic telescopes, are those 
of the 5-feet equatorial of Sir James South, con- 
structed of tin plate by the late Captain Huddart, 
and which the reader will find fully described and 
figured in Phil. Trcm., 1825 ; of the equatorial of 
the Liverpool Observatory ; of the a Northumber- 
land " equatorial of the Cambridge Observatory; 
and lastly (and the most perfect of all), of that 
recently erected at the Boyal Observatory of Green- 
wich, carrying the 12-inch achromatic noticed in 
our list, art. 31, — all three constructed on prin- 
ciples combining the requisites of extreme stiflhess 
to resist both fieccwre and twist, and lightness, de- 
vised by the present astronomer-royal, Mr. Airy. 
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(129.) Of the German system of equatorial 
mounting, as far as achromatic refractors, are con- 
cerned, abundant examples are extant at the 
observatories enumerated in our list, as furnished 
with such instruments by the continental opti- 
cians, and the reader will find them minutely 
described in the annals of those observatories, and 
(to specify one or two) in Prof. Struve's * Besch- 
reibung des Grossen Kefractors in der K K, Stern- 
warte zu Dorpat * and his u Description de TObs. 
Imp. de Poulkova." But more recently it has 
been found that this system of mounting, by the 
aid of the immense strength and stability which 
can now be combined with the utmost delicacy 
and smoothness of movement in great machinery of 
cast-iron, is peculiarly well adapted for the support 
of large and ponderous reflecting telescopes on the 
Newtonian or Herschelian construction. Thus Mr. 
Delarue has adopted this system for the mounting 
•of his reflector of 13 inches aperture and 10 feet 
focal length; Mr. Lassell for his equatorial reflec- 
tor of 2 feet aperture and 20 feet focus, and ulti- 
mately for the magnificent reflector of 4 feet 
aperture, and 39 feet focus, noticed in art. 57, and 
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of which we can only regret that our limits will 
not allow of our entering into any details of de- 
scription, photographed as we have it before us by 
the kindness of its distinguished constructor. 

(130.) The clock movement, by which the 
polar axis in these instruments is driven, has this 
peculiarity, that it cannot be regulated by the ordi- 
nary pendulum and scapement system of clock- 
work, which, of necessity, goes by jerks at each 
second. It is essential that the movement should 
be uniform, so as to keep even pace, under the 
highest magnifying power, with the diurnal rota- 
tion of the heavens. This Fraunhofer and his 
successors accomplish, or aim at accomplishing, by 
a movement not very unlike that of the governor 
of a steam-engine, only that the balls, instead of 
opening and closing a valve, rub against a brass 
hollow conoid, and so, in diverging, generate an 
increased friction, which destroys the excess of 
power, and keeps velocity from increasing beyond 
a definite limit For this Mr. Airy has substituted 
a far more elaborate and theoretically perfect 
system of equalization, by employing a regulated 
descent of water through a centrifugal wheel as 
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the moving power, using a conical pendulum as 
the primary regulator of speed, and equalizing the 
amplitude of its circuit by the resistance of the 
fluid on vanes caused to dip deeper into it by an 
increased velocity, and at the same time to con- 
tract the supply through the intervention of a 
throttle-valve, and vice versd : the effect being to 
produce the nearest approach to a mathematical 
uniformity of rotation which has yet been accom- 
plished. 

(131.) In addition to the works already cited 
in various parts of this article, the reader is 
referred for further or more detailed information to 
the following, viz. : — 

Boscovich, Opera pertinentia ad Opticam et Astrono- 
mkam, 1785. Kliigel, Analytische Dwptrik ; Prechtl. 
Praktische Dioptrik, Wien, 1828. " Hopkins on the 
Equatorial Mounting of Telescopes," Notices of Ast. Soc., 
xiv., 2, 41 ; Rothwell, ditto, ditto, xiv., 3, 85 ; Aiiy, ditto, 
ditto, xiii., 6, 186 ; Simms, ditto, ditto, xiii., 8, 260 ; 
Steinheirs, ditto, ditto, xix., 2, 59. " Littrow on Barlow's 
Fluid Object-glasses," Ast. Notices, 1, 188. Bohnenbeiger 
On Achromatic Object-glasses. Encke, Be Formulis Diop- 
tricis {Inaugural Lecture), Berlin, 1844. Santini, Con- 
siderazione intorno al calcolo degli oculari (Mem. Imp. Inst 
Sci. Venezia, 1842). Moebius On the use of continued Frac- 



190 THE TELESCOPE. 

turns in Optical Formula (Crelle's Journ^ v., p. 213, and vL, 
p. 215). Gauss. Mem. R. S. Gottingen, L, 1838. Bessel, 
Ueber die Oriindformeln der Dioptrik, Astr. Nachr. y xviii., 
p. 97. BrewBter On New Philosophical Instruments. 
Robinson, article on Specula (and the numerous works 
therein cited) in Nichol's Physical Sciences. 
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8vo, price 7s. 6d. 

BEESLY (E. W., M.A) A System of History for the Use of 
Students. In preparation. 

BENNETT (Professor). Clinical Lectures on the Principles 
and Practice of Medicine. New edition (the third), pp. 1005, with 
five hundred Illustrations, price 80s. 

An Introduction to Clinical Medicine. Six Lectures on 

the Method of Examining Patients, &c Third edition, 107 Illustra- 
tions, fcap. 8vo, price 5s. 



Outlines of Physiology. Numerous Illustrations, fcap. 

8vo, doth, price 6s. 

The Pathology and Treatment of Pulmonary Consumption. 

Second edition, with 26 large Illustrations, demy 8vo, price 7s. 6d. 

BLACK'S General Atlas of the World. New edition (1860), 
56 maps, and Index of 60,000 names, &c, folio, half-bound morocco, 
gilt edges, price 60s. 

School Atlas. 40 maps, and Index, 4to or 8vo, price 

10s. 6d. 

School Atlas for Beginners. 27 maps, oblong 12mo, 

price 2s. 6d. 

Atlas of Australia, with all the Gold Eegions. 6 maps, 

royal 4to, price 6s. 
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BLACK'S Atlas of North America. 20 Maps of the various Pro- 
vinces, States, and Countries. By John Bartholomew, F.B.G.S. 
With descriptive letterpress, and an Index of 21,000 names. Folio, 
price 16s. 



■ Guide Books for Tourists in Great Britain and Ireland, &c 

s. <*. 

England and Wales 10 6 

Scotland 86 

Ireland (Dublin, Killarney, Belfast, separately Is. 6d. each) . 5 

Wales 50 

North Wales, separately 3 6 

English Lakes ......... 5 

South of England. In the press. 

Yorkshire (paper cover 2a, 6d.) cloth 3 

Kent and Sussex (or separately, Kent 2s., Sussex Is. 6d.) . 3 

Derbyshire, Hampshire, Warwickshire, and Gloucester, each 2 

Surrey 5 

Highlands (Anderson's Guide) 10 6 

The Trosachs, and Argyllshire, each 16 

Argyleshire, Aberdeen, Perthshire, Moffat, Staffa and Iona, 

Skye, and Sutherland, fcap., sewed . . . . 10 

Edinburgh, Illustrated 3 6 

cheap edition 16 

Plan of the Town and Environs . . . .16 

Glasgow and West Coast 2 6 

Tourist's and Sportsman's Companion to the Counties of Scot- 
land, post 8vo, bound in leather 10 6 

Tourist's Memorial of Scotland, Views of Scottish Scenery, 

royal 8vo 5 

Where Shall We Go? or Guide to the Watering Places of 

Great Britain and Ireland. New edition. . . .26 

Travelling Maps, lined with cloth, and bound in portable 

cases— *. d. 

England, 32 by 22 inches 4 6 

Scotland 4 6 

Scotland. Counties, each 10 

England, Scotland, and Ireland (20 by 14} inches), each . 2 6 

English Lake District, 19 by 14 inches 2 6 

North and South Wales, each 16 

Continent of Europe, railway map 4 6 

India, 23 by 17 J inches 3 
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BOWDLER (John). The Religion of the Heart, as Exemplified 
in the Life and Writings of John Bowdler, late of Lincoln's Inn, 
Barrister-at-law. Edited by Charles Bowdler. 12mo. cloth, 
price 6s. 

M A number of first-rate essays on most important themes, such 
as— 'Tie Atonement,' « Eternity of Future Punishments,' t *Bslxgvm 
and Mekmchoty 9 f 'Practical View of the Character of Ckri*i 
1 Spiritual MindednessJ " etc, 

BROMBY (Rev. C. H.) Mannal of Divinity for Schools and 
Colleges. Fcap., 8vo. In the Press. 

BROUGHAM (Lord). Installation Address of the Right Hon 
Henry Lord Brougham, Chancellor of the University of Edinburgh, 
with Notes. Fcap., 8vo, price Is. 

BRUCE (James). Travels and Adventures in Abyssinia. Not 
edition. Edited by J. M. Cunoav, M.A. Five page illustrations 
and portrait on tinted paper, by C. A. Doyle. Square 12mo, cloth, 
gilt edges, price 6s. 

BRYCE (James, M.A., LL.D., Glasgow). A Treatise on 
Book-keeping by Double Entry, with an Appendix on Single 
Entry. Fcap. 8vo, cloth, price 5s. 

The Arithmetic of Decimals, adapted to a Decimal 

Coinage. Second edition, price Is. 6d, 

A Treatise on Algebra. Third edition. Cro-wn 8vo, 

cloth, price 6a. 

BUCHAN (A. W., F.E.I.S.) The Advanced Prose and Poetical 
Reader; being a collection of select specimens in English, with 
Explanatory Notes and Questions on each lesson ; to which are ap- 
pended Lists of Prefixes and Affixes, with an Etymological Vocabu- 
• lary. 12mo, cloth, price 8s. 

The Poetical Header, separately, price Is. 6d. 

BURGESS (Rev. Henry, LL.D., etc.) The Amateur Gar- 
dener's Year Book, a Guide for those who Cultivate their own 
Gardens on the Principles and Practice of Horticulture. Fcap. 8vo, 
cloth, price 3s. 6<L 

CANDLISH (Rev. Dr.) Life in a IJisen Saviour. Being 
Discourses on the Resurrection. Second edition, Crown 8vo, price 
7s.6<L 

CARSOtf (A. R, LL.D.) Exercises in Attic Greek for the 
use of Schools and Colleges. 12mo, price 4s. 
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CARSON (A.B., LLD.) Phaedrus' Fables of ^3sop in Latin. 
New edition, with Vocabulary, edited by Rev. Win. Veitch, 18mo 
bound, price 2s. 

CHRISTISON (Professor). A Dispensatory. New edition in 
preparation. 

COCKBURN (Lord), Memorials of His Time. With portrait 
after Raeburn. Demy 8vo, price 7s. 6d. 

COOK'S (Captain) Yoyages and Discoveries. Edited by John 
Barrow Esq., F.B.S. Seven page Illustrations, square 12mo, gilt 
edges, price 7s. 6d. 

CREUZE (A. B.) A Treatise on the Theory and Practice of 
Naval Architecture. 4to, price 12s. 

CUNNINGHAM (Eev. John, D.D.) The Church History of 
Scotland, from the Commencement of the Christian Era to the Present 
Century, 2 vols, demy 8vo, price 21s. 

DAVIDSON (Eev. Dr.) A Treatise on Biblical Criticism. 
8vo, price 18s. 

DEM A US (Rev. Eobert, MA.) Class Book of English Prose, 
Comprehending Specimens of the most Distinguished Prose Writers 
from Chaucer to the Present Time, with Biographical Notices, 
Explanatory Notes, and Introductory Sketches of the History of 
English literature. 12mo, cloth, price 4s. 6d* 
Or in Two Parts, price 2s. 6d. each. 

Introduction to the History of English literature. 12mo, 

price 28. 

The Young Scholar's Guide, a Book for the Training of 

Youth. Illustrated, 18mo, doth, price 2s. 6d* 

DENISON (E B., M.A., Q.C.) Clocks and Locks. Fcap, 
8vo, price 8s. 6d. 

DONALDSON (James, M.A.) Latin Reader of Jacobs and 
Classen. With Notes, etc., 12mo, price 3s. 6d. 
Or Coubsb L, price Is. 9cL 
Course II., price 2s. 

Modern Greek Grammar, 12mo, price 2s. 

DRESSER (Professor). Popular Manual of Botany without 
technical terms. Fcap. 8vo, twelve page Wood Illustrations, price 
8s. 6d. 
With the Illustrations coloured, price 4s. 6d. 
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ENCYCLOPAEDIA BRITANNICA. 21 vols., 4to (each 
▼01.24s.) Complete £25 :4s.; with Index £25 :12s.. 

21 vols, 4to, half bound, Russia extra, marbled edges, 

80s. per voL, Complete £81 :10s.; with Index £82 : 2 : 6. 

Index to Ditto, 4to, price 8s., cloth. In the Press. 

FAIRBAIRN (William). Iron : its History, Properties, and 
Processes of Manufacture. Crown 8to, price 6s. 

FARRAR (Rev. F. W.) Julian Home : A Tale of College 
Life. Foolscap 8vo, second edition, price 6s. 

Eric ; or little by Little ; a Tale of Roslyn SchooL 

Fourth edition, crown 8vo, price 6s. 6d. 

FORBES (Professor J. D.) Occasional Papers on the Theory 
of Glaciers, with ten Plates and twenty-nine Wood Engravings. 
Demy 8vo, price 10s. 6U 

Reply to Professor TyndalTs remarks in his work " On the 

Glaciers of the Alps." Price Is. 

- Norway and its Glaciers. Followed by Journals of Excur- 
sions in the High Alps of Dauphin^ Berne, and Savoy. With two 
Haps, ten Coloured Lithographic Views, and twenty-two Wood 
Engravings. Boyal 8vo, price 21s. 

Tour of Mont Blanc and of Monte Rosa. Illustrated with 

Map of the Pennine Chain of Alps, fcap. 8vo, price 8s. 6d. 

GRAHAM (G. F.) Musical Composition : its Theory and 
Practice. With numerous Engravings, and copious Musical Illustra- 
tions. 4to, price 9s. 

GULLIVER'S Travels to Iiliput. Illustrated. Fcap. 8vo, gilt 
edges, price Is. 6d. 

GUNN (Wm. M., LL.D.) Rudiments of the Latin Language. 
12mo, price 2s. 

GUTHRIE (Rev. Dr.) Pleas for Ragged Schools. Crown 
8vo. Illustrated cover. Price 2s. 6d. 

The Gospel in Ezekiel. Twenty-fifth thousand. Crown 

«vo, price 7s. 6d. 

Christ and the Inheritance of the Saints. Sixteenth 

thousand. Crown 8vo, price 7s. 6d. 
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GUTHEIE (Rev. Dr.) The Christian World Unmasked, by 
Berridgb. Edited by Dr. Guthbib. Fcap. 8vo, cloth antique, red 
edges, price 2s. 6<L 

The Street Preacher, "being the Autobiography of Robert 

Flockhart Edited by Dr. Guthrie. Small crown 8vo, cloth limp, 
price 2s. 

HERSCHEL (Sir J. F. W., Bart.) Physical Geography. 
Crown 8vo, price 7s. 6d. 

Meteorology. Fcap. 8vo, price 5s. 

JEFFREY (Rev. Dr.) Voices from Calvary; or the Seven 
Last Sayings of Our Dying Lord. Second edition, fcap. 8vo, cloth 
antique, price 4s. 

JUKES (J. B.) The Student's Manual of Geology. Fcap. 
8ro, with Woodcut Illustrations, price 8s. 6d. 

School Boy's Manual of Geology. In preparation. 



KELLAND (Professor). Elements of Algebra, for the use of 
Schools and Junior Classes in Colleges. Crown 8vo, price 4s. 

Algebra — being a Complete and easy Introduction to 

Analytical Science. Crown 8vo, pp. 467, price 7s. 6<L 

KEMP (W. S., M. A) Exercises in Latin Syntax, adapted to 
Buddiman's Rules, with Copious Vocabularies. Part I., Agreement 
and Government. Crown 8vo, price 2s. 

KITTO (Dr.) Cyclopaedia of Biblical Literature. Second 
edition. 2 vols, medium 8vo, 554 Wood Engravings. Several Maps 
and Engravings on Steel, price £3. 

Popular Cyclopaedia of Biblical Literature. In one volume, 

8vo, illustrated by 836 Engravings, price 10s. 6d. 

— History of Palestine ; from the Patriarchal Age to the 

present time. Numerous Wood Engravings, crown 8vo, price 5s. 

School Edition. 12mo, price 4s. ; without Map, 3s. 6d. 

An Account of Palestina Crown 8vo, cloth plain, price 

2s. 6d., cloth gilt, price 3s. 

IAMARTENE (Alphonsb db). Mary Stuart With Portrait, 
crown 8vo, price 5s. 

IAYCOCK (Professor). Principles and Methods of Medical 
Observation and Research. Crown 8vo, price 6s. 
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MKJULLOCH (J. B>) Principles of Political Economy. 8to, 



A Treatise on Metallic and Paper Money and Bank, 

written far tb« Encjclop«li* BriUnniau 4*0,6*. 

Economical Policy. Second edition, enlarged and in- 

proved, 8?o, price 10s. 6d. 

— — On Taxation. 4to, price 3s. 6d. 

MACAXJLAY (Lord). Biographies of Atterlraiy, Buny®. 
Goldsmith, Johnson, and Pitt, contributed to the Encyclop«a 
Britanniea. Fcap. 8ro, price 6s.; demy 8ro, with. Portrait by M*^ 
and Poly blank, price 10a, 6d. 

MACAXJLAY (Dr. Albxb.) Medical Dictionary, designed fc 
popular nie; ffi mtftfafa g an account of Diseases and their Treataa; 
iny^iting fhose most frequent in warm climates. New editke, 
greatly enlarged and improved. By Bobert Welrakk Macauut, 
MJX, H.E.I.C.S. Demy 8vo, price 10s. 6d. 

MANSEL (H. L, D.C.L.) Metaphysics, op the Philosophy d 
Crown Sro, price 7s. 6d. 



MASSON (Gubtato). Introduction to the History of French 
Literature. 12mo, doth, 3s. 6d. 

MILLER'S (Hugh) Works, crown 8to, each 7s. 6<L 
Mt Schools and Schoolmasters.* 

SCENES AND LbGKHDS HT THB NORTH OF SCOTLANIX 

First Impresbioks of England and its People. 
The Old Red Sandstone. 

TESTIMONY OF THE BOCES. 

The Cruise of the Betsy.. 
Sketch Book of Popular Geology. 
Foot-Pbints of the Creator. 

* Cheap edition of the above, crown 8vq, cloth, limp, price 

2s. Sd. 

MILLER (Professor). Principles and Practice of Surgery. 
Numerous Illustrations. 2 vols., 8vo, each 16s. 

MUNCHAUSEN (Baron). Numerous Illustrations* 18mo, 
gilt edges, price Is. 6d. 

MURRAY (Andrew and Robert). The Theory and Practice 
of Shipbuilding and Steam Ships. Illustrated with Plates and 
Woodcuta, 4to. 



ADAM AND CHARLES BLACKS PUBLICATIONS, 9 



. NEILL (Patrick, LL.D.) The Fruit, Mower, and Kitchen 
-~ Garden. Profusely Illustrated. Fcap. 8vo, price 3a. 6dL 

-vNICOL (Professor). Elements of Mineralogy; containing a 
General Introduction to the Science, with descriptions of the Species. 
ftl Fcap. 8vo, price 5s. 

: "OSWALD (Eev. John). Etymological Dictionary of the 
English Language. Seventh edition, 18mo, bound, 5s. 

OWEN" (Eichard, F.E.S.) Palaeontology, or a Systematic 
Summary of Extinct Animals, and their Geological Relations. 
141 Illustrations, demy 8vo, price 16s. 

' PAEK (Mungo). Travels in Africa. Nine page IUustrations, 
square 12mo, gilt edges, price 5a. 

'& PATEESON (James, M.A., Barrister at Law). Compendium of 

English and Scotch Law. Boyal 8yo, price 28s. 

PTLLANS (Professor). Eclogse Ciceronian®. 18mo, price 3s. 6<L 

''-' First Steps in Physical and Classical Geography. Fcap. 

8vo, price Is. 6d« 

*' POETEOUS (Bishop). Evidences of the Truth, and Divine 
Origin of the Christian Revelation, with Definitions and Analysis by 
J Jambs Botd, LL.D. 18mo, price Is. 

k POETEY and Poets of Britain. From Chaucer to Tennyson, 
with Biographical Sketches, and a rapid View of the Characteristic 
Attributes of each. By Daniel Sgbtkgboub. Post 8vo, gilt 
edges, price 7s. 6d. 

PEOSE and Prose Writers of Britain. By Eev. Eobert Demaus, 
HA. Crown 8vo, gilt edges, price 7s. 6d. 

EAMSAY (Allan). The Gentle Shepherd, Illustrated, 16mo, 
f price 2s. 6d.; gilt edges 8s. 

, EICHAEDSON (Sir John, LL.D., etc) The Polar regions. 
Demy 8vo. With Map, price 14s. 

i EOBIETSON CEUSOE. IUustrated hy C. A. Doyle. Square 
12mo, gilt edges, price 6s. 

! EUSSELL (Scott). The Steam Engine. Illustrated, post 

1 8vo, price 5s. 
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RUSSELL (Scott). Steam and Steam Navigation. A Treatise 
on the Nature, Properties, and Applications of Steam, and on Steam 
Navigation. Illustrated, post 8vo, 9s. 

RUSSELL (Robert). North America ; its Agriculture and 
Climate : containing Observations on the Agriculture and Climate of 
Canada, the United States, and the Island of Cuba. 'With Colonial 
Map and Plans. Demy 8vo, price 6s. 



SCHMITZ pr.) 
8s. 6d. 



Elementary. Greek Grammar. 12mo, price 



SCRYMGEOUR (Daniel). Class -Book of English 
12mo, price 4s. 6d. Or in 2 parts, price 2s. 6d. each. 



Poetry. 



SCOTT (Sir Walter). 
fcap.8vo, £14:14. 

Waverley Novels. 

Notes— 



Complete Works and life. 98 vols, 
The latest editions with the Authors 



New Illustrated Edition of 1860, 48 vols., fcap. 8vo, 

cloth, 96 Plates, and 1700 Illustrations . . . £10 16 • 

Library Edition, 25 vols, demy 8vo, with 204 Engrav- 
ings after Wilkie, Landseer 

Author's Favourite Edition of 1847, in 48 vols., fcap. 
8vo, with Frontispiece and Vignette to each vol. 

Cabinet Edition, 25 vols., fcap 8vo, each voL containing 
Steel Frontispiece and Woodcut Vignette • 

People's Edition, 5 vols, royal 8vo, with Illustrations . 
Railway Edition, 25 vols., fcap. 8vo, Illustrated Covers 
Separately, Is. 6d. each, or in cloth, 2s. 



13 2 « 



7 4 



10 « 

2 

17 6 



VoLl. Waverley, or «Tis 8ixty 

Tears Since." 
2. Guy Mannering, or The 

Astrologer. 
8. Antiquary. 

4. Rob Roy. 

5. Old Mortality. 

6. Black Dwar£ and Legend 

of Montrose. 

7. Heart of Mid-Lothian. 

8. Bride of Lammermoor. 

9. Ivanhoe. 

10. Monastery. 

11. Abbot. 

12. Kenilworth. 



Vol. 13. Pirate. 

14. Fortunes of NigeL. 

15. Peveril of the Peak. 
16 Quentin Durward. 

17. St. Ronan's WelL 

18. Redgauntlet. 

19. The Betrothed. 

20. The Talisman. 

21. Woodstock. 

22. Fair Maid of Perth. 

23. Anne of Geierstein, or the 

Maiden of the Mist. 

24. Count Robert of Paris. 

25. Surgeon's Daughter 

Castle Dangerous. 
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SCOTT (Sir Walter). Poetical Works. Various editions 
from 5s. to 36s. 

Miscellaneous Prose Works. Various editions, from 26s. 

to 84s. 

life of Napoleon Bonaparta 5 vols., fcap. 8vo, price 20s. 

People's edition, 1 vol., royal 8vo, price 10s. 

Tales of a Grandfather. Various editions, 6s. to 15s. 

Beauties of. Crown 8vo, gilt edges, price 5a 

Headings for the Young from Scott's Works. Fcap. 8vo, 

gilt edges, price 7s. 6d. 

life o£ by J. G. Lockhart. Various editions, 7s. 6d. to 

30s. 

SIMPSON (Professor). Obstetric Memoirs and Contributions, 
including those on Anaesthesia. Edited by C. W. Priestly, M.D., 
and H. R. Storer, M.D. 2 vola^ 8vo, profusely Illustrated, 36s. 

SMITH (Adam, LL.D.) The Wealth of Nations : an Inquiry 
into the Nature and Causes of the Wealth of Nations. Edited, and 
with Life of the Author, by J. R. M'Cullooh, Esq. Fourth edition, 
corrected throughout, and greatly enlarged. 8vo, 16s. 

JPALDING (Wm., M.A.) An Introduction to Logical Science. 
Fcap. 8vo, 4s. 6d. 

STEVENSON (David). Canal and Eiver Engineering. Small 
8vo, 4b. 6d. 

3TEWAKT (W. C.) The Practical Angler, or the Art of 
Trout Fishing, more particularly applied to Clear Water. Fourth 
edition, 12mo, cloth, price 3s. 6<L 

THOMAS pr. Bobbrt). The Modern Practice of Physic. 
Eleventh edition, edited by Dr. Frampton. 2 vols^ Svo, price 28s. 

THOMSON (Professor). Brewing and Distillation. Post 8vo. 
price 6s. 

3RATLL (Professor). Medical Jurisprudence. Post 8vo, price 
5s. 

TTLEE (P. F.) History of Scotland. Enlarged and con- 
tinued to the Present Time, by the Rev. Jambs Taylor, D.D., and 
adapted to the purposes of Tuition by Alex. Rm>, LL.D. Sixth 
edition, 12mo, 8s. 6d. 
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TYTLER (P. F.) Outlines of Modem History. Fifth edition, 
l2mo,8s. 

— — Outlines of Ancient History. Fourth edition, 12mo, 3s. 

TYTLER (Miss M. Eraser). Tales of Good and Great Kings. 
Fcap^ cloth, price 3s 6d. 

VEETCH (Eev. Wu.) Greek Verbs, Irregular and Defedim 
Pott Sre, price 6a. 

i 

WALPOLE (Horace). The Castle of Otranto. Fcap. 8vo, 
Illustrated, gttt edges, price 2s. fid. 

WAKDLAW (Dr.) Systematic Theology. A Complete System 
of Polemic Divinity. In three vol*, demy 8vo, price 21s. 

WHITE (Robert). Madeira ; its Climate and Scenery. Second 
edition by J. T. Johhsojt. With numerous Dloatrations, and a Mip 
of the Island, crown 8vo, price 7s. 6dL 

YOUNG (Andrew). The Angler and Tourist's Guide to 111 
Northern Counties of Scotland, with Instructions to Young Angjtt 
l8mo, pries 2s, 
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Now complete, in 21 Volumes 4to, Cloth, price 24 Guineas; or handsomely 
Half-bound in Russia Leather, price 80 Guineas. 

THE EIGHTH EDITION OF THE 

ENCYCLOPEDIA BBITANNICA. 

A DICTIONARY OF AETS, SCIENCES, AND GENERAL 

LITERATURE. 

With upwards of Five Thousand Illustrations on Wood and Steel. 

A complete INDEX is in preparation, and will be published separately, 
1 price 88, 



(From the Times, February 1, 1861.) 

" When we look oyer the list of contributors, it is impossible to deny the 
weight of its imposing array of names, which claims to comprise, apparently 
nth good reason, 'the greater number of the individuals most celebrated in 
dentine, literary, and political history, who have adorned the annals of this 
ountry for a long series of years.' The very pick and cream of this catalogue 
ccupies several pages. Nor have the contributions of most of them been 
Imited to subjects which other men might have treated as well, but for the 
lost part we obtain some of the choicest work of each upon the subjects on 
rhich they were the principal authorities. Where Archbishop Whately takes 
le rise, progress, and corruptions of Christianity; Bunsen the subject of Luther 
ad the German Reformation; M'Culloch, money, political economy, and the 
>gnate subjects; Macaulay, and De'Quincey, their selected biographies; 
onaldson, philology; Owen, palaeontology; Herschel, the telescope; Robert 
tevenson, iron bridges ; Bazley, cotton ; Fairbairn, iron manufacture ; and other 
en, for the most part the work to which they were most competent, the reader 
ay grasp a notion of the grand work of reference which is now placed before 
m. Of course a detailed criticism of its contents would require an army of 
itics to produce a review itself of a length, quite incalculable, and criticism 
ust be abandoned, because it is practically an impossibility. It should be 
ded, however, that the work is profusely illustrated, especially with woodcuts; 
d, best of all, that it is furnished with the new feature of a general index, 
lich completes its value as a work of reference. In a book framed upon this 
in by such a multitude of eminent men, and with such obviously useful acces- 
ries, it may therefore be fairly conceived that the world has now such an 
icyclopaedia as it never had before." 
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In Two Volumes, demy 8vo., pp. 1194, price 21s. 

THE CHURCH HISTORY OF SCOTLAND, 

FROM THE 

COMMENCEMENT OF THE CHRISTIAN ERA TO THE PRESENT CENTURY. 

By thk REV. JOHN CUNNINGHAM, D.D., 

MIKfSRB OF CUVF. 

Volume L— A.D. 30 to 1603. 

Account of the original inhabitants of the country and their heathen wonhif 
Dawn of Christianity. Rise of Monachism. Labours of the Cnld» 
Origin of tithes, parishes, etc Ancient Scottish liturgies, musk, arcia- 
tecture, etc 

Our ancestors in Papal times, and the growth of the Papacy. Introduction ati 
influence of printing. Foundation of Universities of St. Andrews, Glas- 
gow, and Aberdeen. 

Rise of Knox and the Reformation. Downfall of Popery. Martyrdoms tni 
exciting controversies. The first staff of the Protestant Church. Fus 
Book of Discipline, etc 

Protestantism, and its effects on the people and property. Episcopacy dealt 
with by the Assembly. Second Book of Discipline, and erection of pres- 
byteries. The General Assembly, its constitution and the sources of it* 
strength. The Gowrie conspiracy. Accession of James VL to the English 
throne. 

Volume II.— A.D. 1604 to 1831. 

Struggle between Presbyterianism and Episcopacy. King James and his con- 
ferences with English and Scotch divines. The Melvilles. Episcopacy 
set up. Vestiges of Popery. Protest of Presbyterian ministers. Tb« 
Book of Sports. Nonconformists. Death of James VI. Charles I. ani 
the introduction of the English ritual. Tumult in St Giles' Church. Bk* 
in Edinburgh. The Covenant and the Covenanters. 

Calvinism of the Scottish Church. The Westminster Assembly. Montrose' 
campaigns. Battle of Philiphaugh. Execution of Charles I. Defeats^ 
death of Montrose. Charles II. takes the Covenant, and afterwards * 
solves to set up Episcopacy. Piety of the covenanting times, and struggK 
of the Covenanters. Execution of Argyle, Guthrie, and others. Episc- 
pacy restored. Murder of Sharp. Battles of Bullion Green, Drumclo£ 
and Bothwell Bridge, etc 

William of Orange. The Cameronians. Battle of Killiecrankie. Massacre ct 
Glencoe. The parochial school system established. The Union. The 
Toleration Act History of patronage. Rebellion of 1715. 

Writings of Dr. Samuel Clarke. Professor Simson tried for A nanism. Life 
and labours of Wodrow. Ebenezer Erskine. The Secession. The Por- 
teous Mob. George Whitefield. The Cambuslang revival. Dr. Webster. 
Dr. Wallace. Rebellion of 1745. Patronage a bone of contention. Case 
of Lanark. The Moderate and Popular parties. First appearance of 
Robertson the historian. Deposition of Gillespie. Scepticism of David 
Hume. Speculations of Lord Karnes. Home, the author of " Douglas/ 
Formation of the Presbytery of Relief. Hume's essay on Miracles, and 
Campbell's answer. Dr. Reid. Dr. Beattie. Change m church politics. 
Patronage Struggles. Dr. Hardy's Pamphlet The Buchanitea. Foreign 
missions. The Haldanes. Rowland Hill. Increase of dissent. Social 
manners. The Veto Act, etc., etc 
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A COMPENDIUM 

OF 

JGLISH AND SCOTCH LAW, 
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L e Middle Temple, Barrister-at-Law ; Joint Author of a " Practice of the 
Common Law," &c 



e object of this work is to explain to English lawyers and their clients 
g property or business relations in Scotland the main differences which 
;uish the law of that country. It is well known that these differences per- 
learly every branch of the law ; and not only do the laws of England and 
rad differ in substance, but the law language used in one country is scarcely 
gible in the other. So serious is the difficulty felt by English solicitors in 
icting that part of their clients' business which is governed by Scotch law, 
they have hitherto been obliged to send such business away altogether, 
r than involve themselves in unknown perplexities. The present work is 
ned to remove this drawback to the intercourse between English and Scotch 
irs, and enable English solicitors to meet all the ordinary exigencies of 
clients so situated. The author goes systematically over all the branches 
5 law of both countries— Real Property, Contracts, Mercantile Law, Marriage, 
sssion. Criminal Law, Public Law, and Procedure of the Courts — and omit- 
what is common to both countries, he singles out those parts in which the 
epancies occur. He states the English law as regards those parts in the 
in the English law language; and by means of notes, which embody the 
rarieties and qualifications existing in the Scotch law, he exhibits the dif- 
tces between the laws of the two countries in almost a tabular form. He 
adds a Dictionary of Parallel Terms and Phrases, explaining all the 
ileal terms current in each country, by their equivalents in the law of the 
r country. The work is designed not only for the technical lawyer, but also 
dies a vast body of information to those laymen who are mixed up with both 
itries, whether as Landed Proprietors, Manufacturers, Merchants, Politicians, 
aw Reformers. 



CONTENTS. 

it I. REAL PROPERTY, AND RIGHTS INCIDENTAL THERETO. 

it II. PERSONAL PROPERTY. 

it III. SUCCESSION TO A DECEASED PERSON'S ESTATE. 

it IV. PERSONAL AND DOMESTIC RELATIONS. 

it V. PUBLIC LAW. 

jtVI. COURTS' JURISDICTION AND PROCEDURE. 

kt. VII. SOME POINTS OF INTERNATIONAL LAW. 
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From the Times. 
" This work is one of the most complete of modem Public 
tions in this department" 

From the Economist. j 

" This is an exceedingly valuable Atlas. We have 
in two or three instances with the names of places of no 
siderable mark, and found it faithful.' 1 



The Publication of this Atlas is continued on the p 
of frequent, new, and corrected impressions ; thus rendd 
ing it a most valuable work of Geographical [Reference. 
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